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THEME 


In  recent  years  consklerabk  experience  with  engine  condition  monitoring  (ECM)  has  been  accumulated,  both  in 
military  and  civil  aircraft  applications.  This  Symposium  has  covered  a  wide  range  of  applications  to  military  aircraft  and 
helicopters,  to  airline  operations  and  to  the  use  of  aero  derived  gas  turbines.  The  scope  included  user's  experience  with  oi 
board  ECM  systems  and  their  integratioa  into  logistic  systems;  comparison  of  diagnostic  methods  for  ftnilt  prediction; 
experimental  results  achieved  by  these  methods;  the  impact  of  ECM  on  future  propulsion  systems;  and  potential  capabili 
arising  from  the  availability  of  new  diagnostic  techniques.  The  emphasis  of  the  Symposium  was  on  operational  experienci 
and  current  technological  developments. 


•  • 


Un  capital  de  savoir-foire  considerable  a  etc  constinie  ces  demiere  ann^  dans  le  domaine  du  controle  de  I'etat  des  moti 
d'aeronef  (CEM),  tant  civils  que  militaires.  Le  pr^nt  Symposium  a  convert  une  vaste  gamme  d'applications  aux  avions 
helicopteres  militaires,  et  aux  moteurs  k  turbine  k  gaz  d^ves,  des  avions  de  ligne.  Les  sujets  traites  comprenaient: 
I'experience  d'utilisateurs  des  systemes  CEM  emtwques  et  de  leur  integration  aux  systemes  de  logisdques;  comparaison 
meAodes  de  diagnostic  de  pannes;  les  rdsultats  experimentaux  obtenus  par  ces  diverses  methodes;  I’impact  du  CEM  sur 
systemes  de  propulsion  fiilurs  et  les  capacilds  potentielles  emergeaot  de  ces  nouveUes  techniques  de  diagnostic.  Le 
Symposium  a  ete  principalement  axe  sur  I’experience  operabonnelle  et  les  developpements  technologiques  actuellemeni 
cours. 
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1 .  Introduction 

The  European  Fighter  Aircraft  (EFA)  is  a  collaborative  project  Involving  four 
European  Nations,  Germany,  Italy,  Spain  and  the  United  Kingdom.  The  purpose  is 
to  develop  a  new  fighter  aircraft  to  enter  service  with  the  Nations  Air  Forces 
In  the  second  half  of  the  1990's.  In  order  to  manage  the  project  on  their  behalf  the 
four  participating  qovernments  have  established  the  NATO  European  Fighter  Management 
Organisation  (NEFMO).  Within  this  organisation  the  NATO  European  Fighter  Management 
Agency  (NEFMA)  Is  a  full  time  joint  establishment  responsible  for  the  day  to  day 
management  of  the  project.  The  agency  Interfaces  with  tno  industrial  consortia, 
EUROJET  (FIAT,  MTU,  ROLLS-ROYCE  and  SENER)  who  are  to  develop  the  engine  and  its 
accessories  and  EUROFIGHTER  (AIT,  BAe,  CASA  and  MBB)  who  Hill  develop  the  rest  of 
the  aircraft  and  Integrate  the  nhole  Into  a  neapon  system. 

The  task  of  NEFMA  over  the  past  year  or  so  has  been  to  convert  the  four  Air  Forces 
Joint  Operational  Target  into  a  firm  European  Staff  Requirement  (ESR)  and  to 
negotiate  the  details  of  the  specifications  and  the  contracts  required  for  the 
development  of  the  aircraft.  This  paper,  based  on  the  experience  of  that  activity, 
attempts  to  provide  a  short  general  revien  of  the  major  constraints  and  factors  that 
can  influence  the  Engine  Health  Monitoring  (EHM)  System  requirements  of  an  advanced 
fighter  aircraft. 

2 .  Overall  Requirement 

The  objective  nlth  EFA,  as  nlth  all  such  projects,  is  to  develop  a  highly  cost- 
effective  neapon  system  and  In  this  age  of  severe  budget  constraints  that  really 
means  the  most  effective  that  can  be  achieved  for  a  given  cost. 

Overall  Life  Cycle  Costs  (ICC)  consist  of  three  major  elements,  development  costs, 
production  costs  and  In-service  costs.  The  exact  Hgures  vary  but  it  is  generally 
accepted  that  the  first  Is  the  smallest  and  that  the  third  is  by  far  the  largest 
and  increasing  attention  is  b  Ing  given  to  reducing  this  element  by  proper  design 
from  the  outset  of  the  project.  Honever  nhile  every  effort  is  made  to  minimise  the 
overall  total  LCC  it  is  inevitable  that,  in  the  initial  phase  of  a  project,  the  most 
immediate  attention  Is  directed  at  the  development  costs.  The  amount  of  money  that 
Governments  are  able  to  make  available  for  development  can  be  a  major  constraint  on 
the  system  that  is  able  to  be  developed.  Honever  probably  even  more  important  than 
the  budget  alloned  is  the  very  strong  pressure  to  avoid  the  cost  overruns  that  have 
occurred  in  previous  projects.  In  an  attempt  to  ensure  that  the  development  cost 
limits  are  respected  for  EFA  the  participating  Nations  have  required  that,  as  far  as 
possible,  the  contractors  commit  to  maximum  prices  for  achieving  development  require¬ 
ments.  It  is  further  required  that,  again  as  far  as  possible,  the  contractor  should 
eventually  commit  to  fixed  prices.  The  Intention  Is  that  this  Hill  eliminate  over 
optimistic  assumptions  of  the  technological  advances  that  can  be  made  and  that  then 
result  In  delays  and  escalating  costs  nhen  they  are  not  achieved  on-time.  This  does 
not  mean  that  the  aircraft  h111  be  a  Ion  technology  system,  the  requirements  are  too 
demanding  for  that,  but  the  discipline  is  Intended  to  ensure  that  the  requirement  and 
the  solution  are  realistic  for  the  timescales  set  and  the  budget  available. 

The  reduction  of  production  costs  is  also  given  some  priority  during  this  Initial 
phase.  Aircraft  basic  empty  mass  is  often  seen  as  being  closely  correlated  nith 
production  cost  and  in  the  case  of  EFA  firm  requirements  have  been  set  for  aircraft 
size  and  mass  limits.  Such  limits  can  Inevitably  pose  constraints  on  all  systems 
Hithin  the  aircraft. 

The  In-service  costs,  although  of  a  long  term  nature  and  less  immediately  subject  to 
budget  constraints,  are  still  of  great  Importance  to  the  Air  Forces  and  there  Is  a 
very  firm  requirement  for  EFA  overall  '  CC  to  be  minimised  as  nell  as  for  effective¬ 
ness  to  be  maximised.  Systems  such  as  EHM  are  considered  to  have  great  potential  for 
Improving  both  the  long  term  costs  and  the  effectiveness  of  the  neapon  system,  as 
Hill  be  discussed  later.  A  strong  requirement  for  EHM  has  therefore  been  nritten  but 
one  Hhich  has  nevertheless  had  to  take  account  of  the  constraints  d1 scussed  above 
concerning  development  cost  and  time,  aircraft  mass  and  size  and  realistic  technology 
levels. 

The  potential  beneficial  Influence  of  the  EHM  System  on  both  the  effectiveness  and 
;  the  overall  cost  of  a  neapon  system  can  be  illustrated  simply  as  follons. 

Effectiveness  (E)  Is  dependent  on  three  major  factors.  Availability  (A)  for  use  nhen 
j  required.  Reliability  (R)  once  airborne  and  Performance  (P)  during  the  engagements. 

\  This  can  be  expressed  simply  as: 

E  oC  A  X  R  x  P 

Costs  (C)  come  In  the  three  broad  phases  discussed  above,  development,  procurement 
and  In-service.  The  In-service  costs  are  by  far  the  largest  element,  and  are  signifi¬ 
cantly  affected  by  the  maintenance  which  1$  necessary  to  achieve  Availability.  The 
more  a  system  requires  maintenance  the  lower  will  be  its  Availability.  Thus  we  could 
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say  that 


C  ^  I 

Bringing  these  together  gives 

E  ^  A*  X  R  X  P 

The  Important  message  is  that  Cost*£ff ectiveness  Is  strongly  dependent  on 
Availability.  To  have  a  high  availability  a  system  must  have  low  maintenance 
requirements  and  this  depends  on  two  factors: 

a .  Time  between  failures 

A  high  failure  rate  will  result  in  the  need  for  frequent  maintenance  and  so  an 
important  requirement  is  for  systems  and  components  to  have  a  high  reliability  or 
durability,  depending  on  their  characteristics.  This  can  only  be  achieved  by  good 
design  from  the  beginning. 

b.  Mai ntai nabi 1 1 ty 

When  a  failure  does  occur  there  is  a  need  to  be  able  to  correct  it  very  quickly. 
This  requires  two  attributes: 

(i)  Testabi 1 1 ty .  The  overall  design  must  Include  testing  facilities  capable  of 
providing  a  rapid  and  accurate  diagnosis  of  actual  and  potential  faults.  This 
requires  that  the  necessary  testing  and  analysis  systems  a^'e  built  in  and 
developed  as  part  of  the  overall  system. 

(ii)  Repai rabi 1 i ty .  The  system  must  be  capable  of  rapid  and  economic  repair.  This 
again  requires  that  the  appropriate  characteristics  are  designed  into  the 
system  at  the  outset. 

The  recognition  by  the  EFA  partners  that  such  attributes  as  Reliability  and 
Maintainability  (R  A  M)  can  have  a  strong  influence  on  overall  cost  effectiveness, 
together  with  the  understanding  that  they  must  be  built'in  from  the  beginning,  has 
resulted  in  their  being  given  equal  priority  with  performance  in  the  Staff  Require¬ 
ment.  This  does  not  mean  that  any  significant  trade-off  is  allowed,  the  requirement 
is  to  achieve  the  necessary  performance  and  to  have  good  R  &  M  attributes  as  well. 
The  potential  of  Testability  for  improving  aircraft  availability  and  operational 
reliability  and  for  reducing  support  costs  is  also  recognised  and  it  is  in  this  area 
that  EHM  has  an  important  part  to  play.  This  has  had  a  strong  influence  on  the 
development  of  the  detailed  requirements  and  specifications  for  the  system. 

3.  The  Aircraft 

The  European  Fighter  is  a  single  seat,  twin  engine,  delta  wing  aircraft  with 
canards.  The  aircraft  is  aerodynamical ly  unstable  and  depends  on  its  flight  control 
system  for  stability,  a  strong  reason  alone  for  requiring  a  reliable  power  unit.  The 
two  engines  are  mounted  at  the  rear  with  chin  Intakes  under  the  fuselage.  The 
empty  mass  of  the  aircraft  is  to  be  under  10  tonnes. 

EFA  is  to  have  an  Integrated  Monitoring  and  Recording  System  (IMRS)  which  will 
have  both  an  on-board  and  a  ground-based  element.  The  on-board  system  is  to 
continuously  monitor  and  test  all  systems  and  includes  the  following  functions. 

a.  Detection  and  immediate  notification  to  the  pilot  of  all  failures  that  affect 
flight  safety  or  mission  capability. 

b.  Perform  sufficient  testing  and  analysis  to  be  able  to  indicate  to  the  ground  crew 
immediately  at  the  end  of  a  sortie  either  that  the  aircraft  is  serviceable  and 
likely  to  remain  so  for  at  least  another  mission  or  that  maintenance  action  is 
required . 

c.  Indicate  accurately  to  the  ground  crew  what  maintenance  actions  are  necessary  to 
restore  the  aircraft  to  a  servicable  state.  All  such  indications  are  to  be  made 
by  a  display  at  a  single  maintenance  data  panel. 

d.  Storage  of  data  for  input  to  and  analysis  by  the  ground  element  of  the  system. 

The  functions  of  the  ground  system  are  to  include: 

a.  Diagnostic  analysis  of  defect  data  for  off-aircraft  maintenance. 

b.  Life  analysis  and  recording. 

c.  Performance  analysis  and  performance  trend  analysis. 

d.  Indication  of  future  maintenance  requirements. 

e.  Interface  with  the  various  logistics  AOP  systems  that  are  being  developed 
by  the  four  Air  Forces. 
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4.  The  Engine 

The  engine  itself  is  a  two  spool,  reheated  turbofan  fitted  with  a  full  authority 
DECU.  The  by-pass  ratio  is  about  0.4,  overall  pressure  ratio  around  24  and  the 
SLS  thrust  is  about  90  KN.  The  engine  is  to  be  fully  modular  and  designed 
generally  for  on-condition  maintenance  although  some  components  may  be  hard 
lifed.  The  electronic  systems  will  therefore  be  required  to  have  a  self  monitoring 
capability  and  there  will  be  an  engine  health  monitoring  system  which  is  to  be 
functionally  integrated  into  the  aircraft  IMRS.  The  main  functional  requirements 
for  the  EHH  can  be  summarised  under  four  headings: 

Serviceability  Status  Nonitoring 
Usage  Monitoring 
Condition  Monitoring 
Incident  Monitoring 


Status  Monitoring 

The  EHM  is  required  to  monitor  the  serviceability  status  of  the  engine  and  to  provide 
an  indication  to  the  pilot  or  the  ground  crew,  as  appropriate,  when  the  engine 
becomes  unserviceable.  Pilot  indications  are  to  be  limited  to  those  that  affect 
flight  safety  and  mission  capability.  For  the  ground  crew  the  requirement  is  to  be 
able  to  achieve  a  rapid  turn-round.  They  need  an  immediate  automatic  indication  as  to 
whether  the  engine  is  serviceable  or  not  and,  if  not,  precisely  what  maintenance 
action  is  required.  Faults  must  be  identified  accurately  down  to  LRI  level.  The 
false  alarm  rate  must  be  low  in  all  cases  and  especially  low  for  pilot  indications. 
The  system  must  also  notify  any  need  for  servicing  and  ideally  this  should  be 
quantified  when  appropriate,  e.g.  a  call  for  oil  replenishment  should  include  an 
indication  of  the  quantity  of  oil  required. 


Usage  Monitoring 

Many  engines  have  acquired  a  reputation  for  unreliability  because  supposedly  lifed 
components  have  failed  at  random  times  and  have  failed  to  achieve  the  flying  hour 
lives  expected.  However  experience  has  shown  that  a  simple  time  count  of  usage  is 
a  poor  measure  of  life  consumption  for  a  military  engine.  Life  is  strongly 
dependent  on  the  way  in  which  an  engine  is  actually  used  and  this  has  been  found 
to  vary  with  many  factors  including  the  aircraft's  role,  its  base  and  the  pilot.  The 
EHM  is  therefore  required  to  monitor  the  actual  usage  of  the  engine,  including  all 
changes  of  temperatures,  pressures,  speeds  etc  and  to  determine  accurately  the 
effect  of  that  usage  on  the  life  consumption  of  the  engines  components.  This 
requires  that  a  full  understanding  of  the  factors  affecting  component  life  is 
established  and  that  algorithms  for  calculating  life  usage  are  developed  before  the 
aircraft  enters  service.  These  algorithms  must  be  sufficiently  accurate  to  provide 
the  best  possible  usage  of  the  full  life  potential  of  the  components  without 
endangering  flight  safety  or  running  too  high  a  risk  of  expensive  failures  in 
operation,  For  any  critical  lifed  components  the  calculations  must  be  performed  on 
the  aircraft  to  provide  an  immediate  indication  to  the  ground  crew  if  the 
components  are  becoming  life  expired  i.e.  due  to  limit  exceedances. 

Condition  Monitoring 

As  was  stated  earlier,  the  engine  is  to  be  designed  for  on-condition  maintenance.  The 
EHM  system  will  therefore  be  required  to  detect  all  failures  and  impending  failures, 
both  mechanical  and  performance,  and  Isolate  them  down  to  maintenance  module  level. 
This  will  require  that  the  appropriate  analysis  methods  are  developed.  These  analyses 
are  expected  to  be  primarily  based  on  data  obtainable  from  such  sources  as  monitoring 
the  oil  system,  engine  vibrations,  engine  performance  and  performance  trends.  However 
it  is  anticipated  that  analysis  based  solely  on  such  parameters  will  not  be  able  to 
fully  meet  the  requirements  to  isolate  failures  to  maintenance  module  level  and  so 
there  is  also  interest  in  exploring  the  potential  of  new  techniques  such  as  gas  path 
analysis  for  improving  capability  in  this  area. 

Incident  Monitoring 

The  EHM  system  is  required  to  automatically  detect,  monitor  and  analyse  any  one  of  a 
defined  list  of  engine  related  Incidents.  Sufficient  on-board  analysis  is  required  to 
enable  the  serviceability  status  of  the  engine  to  be  established  immediately. 
Sufficient  data  must  be  stored  to  enable  a  full  diagnosis  to  be  performed  in  the 
ground  based  station.  The  analyses  required  for  such  diagnoses  must  also  be 
developed  prior  to  the  aircraft  entering  service. 

5.  Summary 

The  Engine  Health  Monitoring  System  for  EFA  Is  to  be  an  integral  part  of  the  overall 
Weapon  Systems  Integrated  Monitoring  and  Recording  System.  This  will  include  both  an 
on-aircraft  element  and  a  ground-based  station  which  will  ..ave  to  interface  with  the 
different  logistics  ADP  systems  being  developed  by  the  Air  Forces.  By  means  of 
measurements  and  analysis  the  EHM  is  required  to  automatically  and  continuously 
monitor  the  condition  of  the  engine  and  to  detect  and  accurately  diagnose  any  need 
for  immediate  and  future  maintenance  actions.  The  purpose  is  to  provide  for  a  rapid 
turn-round  at  the  flight  line  and  to  reduce  both  the  need  and  the  time  required  for 
all  maintenance  thereby  Increasing  the  overall  availability  for  operational  use.  The 
intention  Is  that  this  shall  contribute  to  the  significant  improvement  In  Weapon 
System  cost  effectiveness  that  Is  believed  to  be  achleveable  through  greater 
attention  to  Reliability,  Maintalnabi 1 ity  and  Testability. 
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DISCUSSION 


R.  FEATHERSTONE 

Have  you  allocated  coat  and  weight  requireoents  for  the  sensors  and  pro¬ 
cessors  of  the  engine  health  iDonitoring  system? 

Author's  Reply: 

The  engine  contractor  has  provided  both  a  mass  and  a  cost  for  the  develop¬ 
ment  of  the  complete  engine  syst^  including  EHM.  The  breakdown  within  these 
overall  figures  is  strictly  the  responsability  of  the  engine  contractor. 


AN  OVBRVIBN  OF  OS  NAVY  ENGINE  MONITORING  SYSTEM 
PROGRAMS  AND  USER  EXPERIENCE 


Andrew  J.  Hess 

Naval  Air  Systess  CoMiand,  Mashingtonf  DC  20361-5360,  U.S.A. 


SUMMARY 

The  Naval  Air  System  Command  (NAVAIR)  has  made  a  commitment  to  require  inflight 
engine  monitoring  capabilities  and  Engine  Monitoring  Systems  (BMS)  on  all  new  aircraft 
and  engine  programs.  The  current  BMS  requirement  and  system  design  concepts  are  the 
end  result  of  over  15  years  of  developing  system  capabilities  and  justifying  system 
benefits.  These  requirements  and  system  design  concepts  are  based  on  the  lessons 
learned  from  the  F/A-18  and  A-7B  Inflight  Engine  Condition  Monitoring  system  (lECMS) 
programs.  The  highly  successful  A-7E  1E04S  is  the  cornerstone  on  which  all  Navy 
are  based  today. 

NAVAIR  has  revised  the  general  engine  specifications  to  contain  detailed 
requirements  for  a  comprehensive  EMS.  These  requirements  have  been  included  for 
flight  safety,  maintenance,  engineering  management  and  operational  support  benefits. 
These  specification  requirements  have  been  used  on  all  new  aircraft/engine  programs 
(e.g.,  F-14A4,  F-14D,  A-6F,  AV-8B,  E-2C  re-engine  and  V-22).  When  justifiable,  BMS  is 
also  being  considered  for  retrofit  on  several  older  aircraft/engine  applications. 

This  paper  gives  an  overview  of  US  Navy  BMS  program  status.  Established  BMS 
functional  capabilities  and  requirements  are  discussed  and  detailed  specification 
items  are  reviewed.  Current  EMS  projects  are  examined  with  respect  to  system 
description,  program  status  and  individual  peculiarities.  Finally,  conclusions  are 
given  on  EMS  projected  benefits,  user  experience,  lessons  learned  and  future 
directions  of  this  technology. 


1 .  introduction. 


The  inflight  monitoring  of  aircraft  engine  condition  has  been  a  technique  used 
since  the  first  airplane  became  airborne  and  the  first  pilots  noted  engine  vibration 
levels  through  their  *seat-of-the-pants*  sensor  package.  Normal  cockpit 
instrumentation  is  monitored  to  determine  engine  condition  and  after  the  flight, 
provide  information  which  gives  indications  of  engine  health  and  required  maintenance 
actions.  Inflight  engine  monitoring  has  indeed  been  around  as  long  as  aviation,  but 
what  is  changing  is  the  relative  degree  of  sophistication  of  the  monitoring 
techniques.  As  aircraft  gas  turbine  engines  become  more  complex  and  costly,  and  as 
their  maintenance  and  support  costs  increase,  the  use  of  more  effective  monitoring 
techniques  becomes  a  necessity. 

Many  increasingly  sophisticated  Engine  Monitoring  Systems  (BMS)  have  been 
developed  and  tried.  Some  of  these  systems  have  been  very  successful  in  advancing  the 
state-of-the-art,  while  others  have  only  been  partially  successful.  All  these 
previous  EMS  programs  have  provided  valuable  "lessons  learned*.  The  US  Navy  has  tried 
to  profit  from  its  previous  EMS  programs  and  to  apply  these  lessons  to  the  next  system 
development . 

This  paper  will  give  an  overview  of  US  Navy  EMS  program  status.  Established  EMS 
functional  capabilities  and  requirements  will  be  discussed  and  detailed  specification 
items  will  be  reviewed.  Several  current  EMS  programs  will  be  examined  with  respect  to 
background,  system  description,  experience  and  high  light  "lessons  learned". 

2.  General  EMS  Requirements. 

NAVAIR  has  made  a  real  commitment  to  require  inflight  engine  monitoring 
capabilities  and  EMS  on  all  new  aircraft  and  engine  programs.  The  current  BMS 
requirements  and  system  design  concepts  are  the  end  result  of  over  15  years  of 
developing  system  capabilities  and  justifying  system  benefits.  These  requirements  and 
system  concepts  are  based  on  the  "lessons  learned”  from  the  A-7E  and  F/A-18  Inflight 
Engine  Condition  Monitoring  System  (lECHS)  programs.  The  highly  successful  A-7E  IBCMS 
(later  called  EMS)  has  been  the  cornerstone  on  which  all  present  Navy  EMS  are  based. 
The  positive  experiences  with  these  two  programs  have  lead  to  the  inclusion  of 
comprehensive  EMS  requirements  in  the  General  Specification  for  Aircraft  Turbojet  and 
Turbofan  Engines,  MIL-E-5007E  (AS)  dated  1  September  1983  ard  the  (General 
Specification  for  Aircraft  Turboshaft  and  Turboprop  Engines,  NIL-E-8S93  E  (AS)  dated  1 
March  1984. 

The  EMS  requirements  in  these  general  engine  specifications  are  being  tailored  for 
use  on  all  new  aircraft  and  engine  programs.  As  a  minimum,  the  comprehensive  EMS 
specified  will  include  the  following  functional  capabilities  and  requirements: 

a.  Take-off  thrust  check  with  cockpit  indication,  provided  primarily  as  a 
flight  safety  and  engine  health  indication. 
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b.  Engine  operational  liait  exceedance  with  five  second  pre-event  and  25 
second  post-event  time  history  recording  with  cockpit  warning*  provided  as  both  a 
flight  safety  indication  and  aaintenance  troubleshooting  aid.  The  exceedance  event 
time  history  records  will  be  used  along  with  a  data  processing  ground  station  (DPGS) 
and  diagnostic  logic  to  provide  aatoaated  diagnostic  aaintenance  aessages  to  simplify 
data  analysis. 

c.  Engine  component  life  usage  tracking  (e.g,,  lcP  and  hot  section  cyclic 
usage,  engine  hours,  tiae-at-teaperature) •  Provided  primarily  to  track  individual 
usage  of  critical  life  limited  engine  components  by  S/N  and  to  implement  engine 
warranty  guarantees.  Both  a  DPGS  and  an  Interface  with  a  fleetwide 

maintenance/logistics  management  information  system  is  required  to  adequately  perform 
these  tasks.  There  are  also  flight  safety  and  reduced  engine  removal  rates  associated 
with  this  EMS  capability. 

d.  Vibration  frequency  analysis  (narrow  band  "comb*  filters  and/or 
"one-per-rev*  tracking  filter  plus  broad  band)  with  cockpit  warning.  Provided 
primarily  as  a  flight  safety  indication  and  to  improve  aircraft  availability  by 
shortening  troubleshooting  time  for  engine  vibration  pilot  "gripes".  This  capability 
will  also  be  extremely  useful  for  improving  engine  discrepancy  fault  isolation  and 
fault  detection  and  for  providing  trend  data. 

e.  Performance  degradation  trending  (gas  path  analysis).  Provided  primarily 
to  address  the  Engine  Analytical  Maintenance  program  (EAMP)  requirement  "to  acquire 
performance  data  for  trending*.  This  data  will  be  used  to  determine  when  to  reject  an 
engine  for  low  performance  and  may  in  some  cases  be  used  to  fault  isolate  to  the 
module  level.  The  actual  data  analysis  for  performance  trending  will  be  done  off  the 
aircraft  using  a  DPGS  and  special  software  routines.  As  with  engine  cr^nponent  life 
usage  tracking,  an  interface  with  a  fleetwide  maintenance/logistics  management 
information  system  is  required  to  effectively  implement  engine  performance  trending. 
This  performance  data  may  also  be  used  for  short-term  trending  to  identify  POD  and 
water  wash  requirements,  and  in  conjunction  with  other  EMS  capabilities  to  generally 
improve  maintenance  troubleshooting  effectiveness. 

f.  Surge,  bogdown  and  afterburner  blowout  detection  and  documentation. 
Provided  both  as  a  flight  safety  indication  and  a  means  of  improving  maintenance 
troubleshooting.  Data  will  be  recorded  during  these  events  for  analysis  in  a  DPGS. 

g*  Oil  system  monitoring.  Provided  both  as  an  important  flight  safety 
indication  and  as  an  aid  to  maintenance  troubleshooting.  The  exact  type  of  oil 
monitoring  was  not  specified  to  enable  each  type  of  aircraft/engine  application  to 
take  advantage  of  the  best  available  techniques.  These  oil  monitoring  techniques 
could  range  from  chip  detectors  to  master  indicating  chip  detectors  or  quantitative 
debris  monitoring  devices. 

h.  Pault  detection  and  fault  isolation  of  engine  weapons  replaceable 
assemblies  (WPA's).  Provided  primarily  as  a  means  for  Improving  organieational 
(0-level)  maintenance  troubleshooting  effectiveness  and  reducing  unsubstantiated 
removals  of  engine  components.  There  are  also  flight  safety  and  aircraft 
availability  benefits  associated  with  this  capability.  An  0-level  DPGS  and  automated 
diagnostic  software  is  require  to  effectively  implement  this  capability. 

i.  Engine,  engine  module  and  aircraft  serial  number  identification.  Provided 
to  facilitate  the  use  of  engine  component  life  usage  and  performance  trend  data  with 
an  automated  maintenance/logistic  management  information  system. 

These  general  engine  specification  SMS  requirements  also  describe  overall  system 
elements,  interfaces,  growth  capacity  and  minimum  parameter  definition.  The  following 
are  paragraphs  taken  from  the  CMS  requirements  sections  of  these  specifications: 

"The  total  engine  monitoring  system  will  be  comprised  of  engine  and  airframe 
sensors,  engine  and/or  airframe  mounted  signal  conditioning  and  data  processing 
electronics,  an  airframe  mounted  visual  data  display,  an  airframe  mounted  removable 
bulk  data  storage  facility,  a  ground  based  data  processing  station  and  both  airborne 
and  ground  station  software.  The  malfunction  of  any  EMS  hardware  or  software  shall 
not  affect  engine  performance  throughout  the  environmental  conditions  and  operating 
envelope  of  the  engine.  The  level  of  fault  detection  and  isolation  of  engine  WRA's 
shall  be  determined  by  failure  mode  and  effect  analysis  and  reliability  centered 
maintenance  analysis.” 

"The  EMS  shall  have  Built  In  Test  Equipment  (BITE)  and  self-check  capability.  The 
EMS  shall  have  a  minimum  of  100  percent  software  growth  capacity.  Both  airborne  and 
ground  station  data  processing  software  algorithms  shall  be  provided  as  an  appendix  of 
the  engine  specification.  If  a  digital  engine  control  unit  (ECU)  is  available,  a  data 
Interface  with  the  EMS  shall  also  be  provided.  The  sensors  together  with  their 
location  shall  be  specified  in  the  engine  specification.  Electrical  connections  and 
circuit  details  shall  be  In  accordance  with  MIL-STD-1553  MUX  Bus  requirements  and 
shall  be  shown  on  the  electrical  installation  connection  figure.” 

"Engine  Monitoring  Sensors.  To  support  the  requirement  for  inflight  engine  condition 
monitoring,^ engine  sensors  shall  be  provided  for  the  following  minimum  parameters:  IIP 
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shaft  speed  (NH) «  LP  shaft  speed  (NL) ,  coapressor  inlet  teaperature  (Tl) ,  coapressor 
inlet  pressure  (PI)#  coapressor  exit  teaperature  (T3) #  HP  coapressor  delivery  pressure 
(P3) #  turbine  exit  gas  teaperature  (T5) #  turbine  exit  pressure  (P5) *  afterburner 
nossle  position  (A8)«  fuel  flow  (Iff)#  power  lever  angle  (PLA) #  inlet  guide  vane 
positions  (I(^)«  oil  pressure  (Poll)  and  vibration  (VIB) •  Any  additional  engine 
and/or  aircraft  sensors  required  for  engine  condition  aonitoring  shall  be  defined  in 
the  engine  specification.  Itie  Instruaent  range#  systea  accuracy#  tiae  response  and 
electrical  characteristics  for  each  paraaeter  shall  be  present  in  tabular  fora  in  the 
engine  specification.” 

"Thrust  indication.  The  engine  shall  provide  signals  for  thrust  copputation.  The 
aethod  for  coaputing  thrust  froa  these  signals  shall  be  provided  as  an  appendix  of  the 
engine  specification.  These  thrust  coaputations  shall  be  used  by  the  EMS  to  provide 
engine  health  take-off  thrust  check#  with  cockpit  GO/HO-CO  indication,  and  to  support 
engine  perforaance  degradation  trending.  Engine  droop  characteristics  following  the 
initial  thrust  transient  (e.g#  ground  idle  to  take-off  thrust)  shall  be  taken  into 
account  when  asking  thrust  coaputations.  The  aethod  used  shall  be  accurate  within 
^3.0  percent  of  the  actual  net  thrust  and  shall  be  verified  through  sea  level  static 
and  altitude  test  operation.” 

"Special  Maintenance  instruaentation  Provisions.  Tbe  engine  shall  provide  signals  for 
use  in  conjunction  with  other  diagnostic  equipaent  and/or  technical  data  to  provide 
diagnosis  and  fault  isolation  of  aalfunctioning  engine  control  functions.  Provisions 
shall  be  made  for  Installation  or  connection  of  any  instruaent  sensing  equipaent 
necessary  to  evaluate  engine  perforaance  at  acceptance  after  overhaul.  The  use  of  ENS 
supplied  data  with  other  engine  peculiar  ground  support  equipment  (PGSE)  shall  be 
defined  in  the  engine  specification.” 

3.  A-7E  EMS. 

The  US  Navy  A-7E  is  a  single-engine  light  attack  aircraft  powered  by  the  Allison 
Gas  Turbine  (AGT)  TF41-A-2  engine.  The  A-7E  EHS  is  a  derivation  of  the  early  Inflight 
Engine  Condition  Monitoring  Systea  (lECMS). 

Background .  The  lECMS  program  was  Initiated  in  1971  as  the  US  Navy*6  first  effort  to 
develop  a  comprehensive  EMS  capability  and  to  address  engine  related  flight  safety 
issues  on  the  A*7E  aircraft,  itie  EMS  is  successor  to  the  lECHS  and  represents  the 
application  of  an  on-board  microprocessor  based  system  to  continuously  monitor  engine 
health,  pcolde  cockpit  warning  functions  and  output  appropriate  mainte'iance 
information.  The  current  EMS  configuration  is  the  culmination  of  several  phases  of 
system  development  and  evaluation.  Both  the  early  IBCTMS  configuration  and  the  EMS 
were  used  to  provide  the  experience  and  data  to  justify  procurement  of  a  relatively 
expensive  (approximately  10  percent  of  the  engine  cost)  retrofit  system.  The  close 
scrutiny  and  the  requirement  to  define  and  "prove*  the  cost-benefits  of  a 
comprehensive  EHS  significantly  stretched  out  the  system  development  and  evaluation 
phases  of  this  program.  Full  retrofit  of  the  A-7E  fleet  began  in  1964  and  is  now 
complete. 

System  Description. 

The  principal  design  goal  of  the  original  IBCMS  was  to  reduce  engine  related 
aircraft  losses  by  SO  percent.  As  the  system  was  developed#  evaluated  and  modified  in 
response  to  changing  program  justification  requirements  (e.g.,  the  increasing 
importance  of  on-condition  maintenance)#  other  design  objectives  were  introduced,  in 
addition  to  improved  flight  safety#  these  design  objectives  were:  reduced  maintenance 
costs#  increased  aircraft  availability#  and  increased  mission  effectiveness. 

The  A-7E  EMS  is  comprised  of  four  major  subsystems:  an  engine  sensor  kit#  an  avionics 
kit#  an  airframe  change  kit,  and  a  DPGS.  The  EMS  continuously  monitors  a  total  of  46 
engine  and  airframe  parameters,  itie  engine  kit  monitors  35  of  these  signals  by  means 
of  14  transducers  added  to  the  basic  engine  installation.  The  avionics  kit  consists 
of  a  Teledyne  Controls  supplied  microprocessor  based  Engine  Analyser  unit  (BAU)  and  a 
Data  Display  unit  (DDU) .  The  avionics  kit  monitors  and  signal  conditions  all 
parameters#  activates  cockpit  warning  lights#  provides  out-of-limit  exceedance  "flags” 
for  downing  gripes  and  records  data  on  a  removable  Tape  Magazine  Unit  (TMU)  for 
subsequent  post-flight  ground  analysis.  The  airframe  change  kit  was  designed  and 
installed  by  the  government  and  includes  cockpit  modifications#  additional  sensors  and 
switches  and  a  wiring  harness.  It  should  be  noted  that  the  BAU  is  mounted  in  a 
specially  designed  compartment  in  the  engine  bay.  The  DPGS  Is  an  "off-the-shelf” 
ground  based  computer  system  utilised  for  analysis#  automated  diagnostics#  and 
trending  of  EMS  data. 

Allison  was  the  prime  manufacturer  responsible  for  developing  the  EMS  airborne  and 
ground  based  hardware  and  software.  A  more  detailed  description  of  the  A-7E  ENS 
program  and  operational  experience  can  be  found  in  references  (a)  and  (b) • 

Accomplishments  and  Experience.  During  the  progressive  fleet  evaluation  program 
several  major  accomplishments  occurred.  Enthusiastic  acceptance  of  the  system  and 
endorsement  by  the  fleet  operating  squadrons  are  primarily  due  to  Improved  maintenance 
troubleshooting  time  resulting  in  increased  aircraft  availability.  During  a  1979 
fleet  evaluation  period  two  squadrons  of  early  IECN8  equipped  A-7B's  documented  a  60 
percent  reduction  of  engine  maintenance  man  hours  per  flight  hour  and  a  40  percent 
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reduction  in  engine  reaoval  rate*  There  has  also  been  a  consistent  reduction  in 
unsubstantiated  coaponent  reaoval  rates*  The  sost  significant  accoaplishaent  has  been 
the  absence  of  engine  caused  aircraft  losses*  There  were  no  engine  caused  aircraft 
losses  with  the  original  two  squadrons  of  lECMS  nor  with  the  early  fleet  EMS.  Fleet 
wide  retrofit  of  EMS  on  all  A'7B  and  TA-7C  aircraft  is  now  conplete  and  there  has  been 
only  one  documented  engine  related  aircraft  loss.  In  this  particular  incident,  the 
engine  problem  was  related  to  a  HP  fuel  pump  failure  that  the  EHS  was  not  designed  to 
detect. 

Lessons  Learned. 


The  very  successful  A-7E  IBCMS  and  BMS  programs  provided  the  basis  to  justify  the 
capabilities  and  benefits  of  future  US  Mavy  EMS  programs.  Some  of  the  important 
lessons  learned  from  these  programs  are  as  follows: 

a.  As  the  first  Navy  comprehensive  BMS  program,  a  lot  of  time  and  effort  was 
required  to  overcome  the  management  prejudice  and  uncertainty  associated  with  BMS 
benefits,  reliability,  and  cost-effectiveness.  This  really  stretched  out  the  program 
but  once  accomplished  would  not  have  to  be  repeated  on  subsequent  aircraft  programs. 

b.  EMS  «K>rk8«  It  saves  aircraft,  reduces  maintenance  and  improves  aircraft 
availability. 

c.  Improved  flight  safety  and  increased  troubleshooting  effectiveness  sold 
the  system  at  the  time  of  initial  production  decision.  Use  of  the  system  to  provide 
life  usage  data,  performance  trending  and  parts  life  tracking,  though  inherent  in  the 
system  design,  did  not  play  a  strong  part  in  the  production  decision  process. 

d.  Fleet-wide  retrofit  of  EMS  on  an  older  aircraft  is  desirable  and 
justifiable.  The  A-7E  aircraft  was  about  half  way  though  its  projected  operational 
life  when  retrofit  was  initiated. 


e.  Our  one  aircraft  loss  for  an  engine  problem  was  caused  by  an  accessory 
failure  that  was  monitored  in  the  early  lECMS  design  but  dropped  in  the  production  BMS 
as  a  system  cost  reduction  item. 

f«  A  dedicated  team  of  contractors  lead  by  one  clearly  established  prime 
gives  the  beat  chance  for  a  aacceaaful  development  program. 


g*  vibration  monitoring  is  perhaps  the  most  useful  EMS  capability.  A  good 
vibration  monitoring  capability  can  address  a  very  large  group  of  engine  problems. 
Host  of  the  system's  flight  safety  related  *find8*  have  been  through  the  vibration 
monitoring  capability. 

h.  The  longer  freezing  of  the  development  software  can  be  delayed,  the  more 
capable  and  successful  the  production  BMS  will  be. 


i«  Engine  manufacturer  on-site  contractor  support  for  a  period  following 
fleet  introduction  is  required. 


4.  F/A-18  IBCMS. 


The  F/A-18  aircraft  is  a  dual  mission  fighter  and  attack  aircraft  powered  by  two 
General  Electric  (GE)  F404-GE-400  engines.  The  F/A-18  is  currently  operational  with 
the  US  Navy  and  Marines,  the  Canadian  ¥k>rces,  Australia  and  Spain.  The  lECMS  was  an 
original  design  requirement  and  was  developed  during  the  normal  aircraft 
Full-Scale-Development  (FSD)  program. 

Background . 

The  lECMS  was  developed  for  the  F/A-18  aircraft  by  McDonnell  Aircraft  (HCAIR)  with 
GE  responsible  for  the  F404  engine  sensor  package  and  software  algorithm  development. 

A  minimum  baseline  system  was  defined  In  the  original  aircraft  and  engine 
specifications.  The  system  design  evolution  consisted  of  extensive  trade-studies 
being  conducted  by  both  NCAIR  and  GE  to  define  the  practical  and  cost-effective  levels 
of  monitoring  consistent  with  state-of-the-art  sensor,  avionics,  and  diagnostic 
software  capabilities.  Itiis  trade-study  approach  made  extensive  use  of  failure  modes 
and  effects  analysis  (FMEA),  NSG-2  type  analysis  and  sophist i^ated  life-cycle  cost 
models.  These  trade  studies  were  to  be  used  by  the  program  managers  to  justify  any 
system  growth  from  the  baseline  definition  and  were  intended  to  define  an  optimized 
IBCMS  to  be  developed  during  the  F/A-18  aircraft  and  F404  engine  FSD  programs. 

After  Navy  approval  of  the  trade-study  result  and  prototype  system  definition,  the 
Phase  II  system  development  effort  commenced  with  IBCMS  sensors  being  used  on  the 
initial  F404  development  engines,  GE  developing  the  software  algorithms,  MCAIR 
procuring  avionics  hardware  and  the  IBCMS  being  flown  concurrently  with  the  first  full 
scale  development  flight  test  aircraft*  Not  only  was  the  F/A-18  IBCMS  developed 
simultaneously  with  initial  aircraft  and  engine  development  programs,  the  system  was 
intended  to  be  fully  compatible  with  the  aircraft/engine  maintenance  concept  as  it 
evolved  into  an  operational  maintenance  plan. 
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Svsten  Description. 

T1)e  original  design  goals  of  this  systen  were  to  provide  inflight  pilot  warnings 
of  any  detected  engine  anomaly  serious  enough  to  warrant  aborting  the  flight  and  to 
provide  data  to  track  the  actual  life  usage  of  the  intended  life  limited  engine 
components.  A  secondary  design  goal  was  to  reduce  maintenance  costs  by  recording 
information  during  an  engine  anomaly  for  fault  isolation  on  the  ground.  This 
secondary  design  goal  would  Increase  maintenance  troubleshooting  efficiency  and  reduce 
aircraft  turn  around  time.  The  P/A-18  ISCMS  is  a  real-time  engine  monitoring  and  life 
tracking  system  and  has  been  Installed  on  all  production  and  test  aircraft.  The 
system  is  highly  Integrated  with  other  avionics  systems,  minimizing  cost  and  weight. 

The  system  alerts  the  pilot  during  flight  to  serious  engine  anomalies  and  sets 
maintenance  codes  for  the  ground  crew.  Engine  data  is  automatically  recorded  up  to 
five  seconds  before  and  25  seconds  after  the  anomaly.  In  addition,  life  usage 
parameters,  used  for  tracking  remaining  engine  life,  are  calculated  during  flight. 

The  primary  components  of  the  on-board  system  are  as  follows s 

Engine  Sensors  -  13  engine  sensors  are  used  by  lECMS.  All  but  five  of  these 
sensors  are  required  for  engine  control  or  cockpit  display  purposes.  The  sensor 
signals  are  passed  to  the  airframe  in  an  analog  or  frequency  form  and  are  then 
converted  to  digital  form.  Each  signal  is  carried  by  a  discrete  wire. 

Airframe  parameters  -  The  lECMS  airframe  parameters  include  Mach  number,  altitude, 
freestream  t'tal  temperature,  angle  of  attack,  normal  load  factor,  fuel  pressure  and 
temperature.  All  of  these  parameters  are  required  for  the  aircraft  flight  control 
system  and  are  therefore  available  without  additional  cost. 

Maintenance  Signal  Data  Converter  (MSDC)  -  The  Bendix  supplied  MSDC,  which  is 
located  in  the  rignt  Leading  Edge  Extension  (LEX),  converts  the  engine  sensor  signals 
from  analog  or  frequency  form  to  digital.  In  addition  to  converting  the  lECMS 
signals,  the  MSDC  converts  the  signals  from  seven  other  systems  (fuel,  environmental 
control,  electrical,  etc*).  Thus,  the  MSDC  is  not  dedicated  to  the  lECMS,  but  is 
shared  by  the  other  systems. 

Maintenance  Signal  Data  Recorder  (MSDR)  -  Tl^e  MSDR,  located  in  an  easily 
accessible  avionics  bay  under  the  leTt  LEX,  receives  the  digital  data  from  the  MSDC 
and  records  the  engine  data  on  a  magnetic  tape  called  the  Tape  Magazine  Unit  (TMU) . 

Data  is  recorded  when  an  anomaly  is  detected  by  the  lECMS  logic  and  prior  to  takeoff 
(for  engine  performance  trending).  The  MSDR  is  a  part  of  the  MSDC.  The  data  recorded 
on  the  TMU  also  includes  airframe  fatigue  data,  and  a  "crash  tape*  recording.  The  TMU 
has  sufficient  capacity  for  approximately  seven  flights. 

Maintenance  Monitor  Panel  (MMP)  -  The  MMP  is  located  in  the  nose  gear  wheel-well 
and  prov^ides” the  ground  crewmTn  with  a  three-digit  number,  called  an  MMP  code,  for 
each  event  detected  by  lECMS  during  the  flight.  Currently,  IBCM5  defines  44 
maintenance  codes  for  engine  anomalies  detected  during  flight,  in  addition,  231  codes 
are  defined  for  monitoring  other  systems  on  the  aircraft.  The  MMP  code  provides  a 
direct  entry  Into  the  troubleshooting  trees  in  the  maintenance  manual. 

Mission  Computer  (MC)  -  The  MC  contains  all  of  the  logic  used  by  iBCMs.  The  lECMS 
logic  consists  of  5400  16-bit  words,  which  is  two  to  four  percent  of  the  MC  capacity, 
depending  on  MC  model.  The  logic  can  be  thought  of  as  falling  into  three  categories: 
continuous  engine  operation  monitoring  logic,  "as  required*  monitoring  logic,  and 
engine  life  usage  tracking  logic. 

Digital  Display  indicator  (DPI)  -  Two  independent  cathode  ray  tubes,  called  DDl's 
are  used  to  display  engine  data  and  other  system  information  as  requested  by  the 
pilot.  Each  DDI  can  display  information  independently,  allowing  different  systems  to 
be  simultaneously  presented  to  the  pilot. 

Engine  data  is  displayed  in  the  cockpit*  Five  engine  parameters  are  continuously 
displayed  on  digital  gages  and,  when  requested  by  the  pilot,  eight  additional 
parameters  are  displayed  on  the  DDI.  When  these  parameters  are  displayed  on  the  DDI, 
the  current  engine  and  flight  data  can  be  recorded  by  pressing  a  DDI  button.  The 
record  button  is  located  immediately  below  and  to  the  right  of  the  DDI  screen.  When 
pressed,  five  seconds  of  prior  engine/flight  data  and  25  seconds  of  subsequent  data 
are  recorded  on  the  TMU.  This  same  pre/post-event  data  record  is  automatically 
recorded  by  lECMS  whenever  an  engine  exceedance  is  detected.  The  "pre-event* 
recording  feature  is  accomplished  by  continuously  storing  the  last  five  seconds  of 
data  in  the  computer  memory  and  freezing  that  data  when  an  exceedance  is  detected  or  a 
data  record  is  requested  by  the  pilot. 

In  addition  to  the  operational  exceedance  engine  monitoring  functions  of  lECMS, 
engine  life  usage  is  also  monitored  during  flight.  Bight  Life  usage  Indices  (LUI's) 
were  developed  by  the  engine  manufacturer  specifically  for  the  P404  engine,  ^ese 
LUI's  are  recorded  on  the  magnetic  tape  and  transferred  to  a  ground  based  Parts  Life 
Tracking  (PLT)  program  via  a  ground  station.  The  LUI's  tracked  by  IBCMS  are: 

o  Full  H2  RPM  Cycle  -  This  LUl,  sometimes  referred  to  as  a  "Type  l  Cycle*,  is 
defined Ts  an  Off  to  intermediate  to  Idle  W2  PPM  Cycle. 

i, 

i 
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o  Partial  H2  RPM  Cycle  -  This  LUI,  soaetimes  referred  to  as  a  "Type  III  Cycle*, 
is  deifined  as  an  iJIe  to  internediate  to  Idle  N2  RPM  Cycle. 

o  Equivalent  Pull  Theraal  Cycle  (BPTC)  -  This  LUI  is  the  number  of  temperature 
cycleV  occurring  In  the  hiqh  pressure  turbine  blades  weighted  in  severity 
according  to  the  magnitude  of  the  cycle. 

o  Stress  Rupture  Counts  (SRC)  -  SRC’s  are  accumulated  at  a  rate  dependent  on 
high  pressure  turbine  (HPT)  blade  metal  temperature.  The  higher  the  blade 
metal  temperature,  the  faster  SRC’s  are  added. 

o  Time  at  Maximum  Power  (TAMP)  -  TAMP  is  the  time  at  Intermediate  power  setting 
or  above. 

o  Pull  PS3  Cycle  -  This  LUI  is  used  to  track  pressure  cycles  for  the  core  engine. 
A  full  cycle  occurs  when  the  compressor  discharge  pressure  reaches  a  level  near 
the  maximum  allowed.  These  cycles  occur  only  at  high-speed  flight  at  low 
altitudes. 

o  Partial  PS3  Cycles  -  Partial  PS3  cycles  occur  when  the  compressor  discharge 
pressure  reacnes  85  percent  of  the  maximum  allowable. 

o  Engine  Operating  Time  -  This  is  simply  the  time  the  engine  operates  at  or  above 
ground  Idle. 

Additional  capabilities  have  been  added  to  IBCMS  over  a  period  of  time,  either  as 
a  response  to  new  fleet  discovered  engine  deficiencies  or  as  better  understanding  was 
gained  on  how  to  monitor  original  requirements.  A  more  detailed  description  of  the 
P/A-ie  lECMS  system  can  be  found  in  reference  (c) . 

Accomplishments  and  Experience. 

During  the  course  of  system  development  and  subsequent  fleet  use  of  the  system, 
many  significant  accomplishments  occurred.  Probably  the  most  significant  has  been  the 
continued  use  and  support  of  the  system  by  the  fleet,  even  though  only  a  marginally 
functional  ground  based  data  processing  station,  the  Enhanced  Comprehensive  Asset 
Management  System  (ECAMS) ,  was  provided. 

Recording  data  during  engine  anomalies  has  provided  valuable  feedback  which 
accelerated  the  development  of  the  engine.  Many  times  problems  that  occur  in  the 
flight  environment  are  nearly  impossible  to  duplicate  on  the  test  stand.  Lack  of 
insight  into  these  problems  delays  their  solution,  resulting  in  a  less  mature  engine 
and  greater  retrofit  costs  when  the  solution  is  found.  Acquiring  pre/post-event  data 
as  the  engine  anomaly  occurs  during  flight  provides  the  insight  to  understand  the 
cause  of  the  problem.  The  benefits  have  been  a  more  effective  Component  Improvement 
Program  (CIP)  and  a  more  rapid  development  of  the  engine. 

Tracking  engine  usage  during  flight  has  reduced  engine  spare  parts  costs.  The 
engine  usage  is  tracked  using  the  LUI's  as  previously  described.  Based  on  actual 
usage  data,  spare  parts  costs  savings  for  one  life  limited  engine  component  were 
estimated  to  exceed  $18.10  per  engine  flight  hour,  or  $72,400  over  the 
4000  hour  life  of  an  engine.  Total  Life  Cycle  Cost  (LCC)  savings  would  be  greater  if 
all  elements  of  costs  in  the  LCC  accounting  system  were  considered. 

Lessons  Learned. 

The  F/A-18  lECNS  program  has  and  is  continuing  to  provide  many  significant  lessons 
learned.  Some  of  the  more  important  of  these  are  as  follows: 

a.  Extensive  trade-studies  to  design  and  justify  the  most  cost-effective 
system  doesn't  always  cause  the  optimum  design  to  be  implemented.  A  much  more  success 
oriented  approach  is  to  specify  desired  system  functional  capabilities  and  to  maintain 
these  specification  requirements  as  mandatory. 

b.  To  reduce  weight  and  cost,  engine  monitoring  systems  can  be  integrated 
with  the  other  avionics  on  the  aircraft.  This  is  best  achieved  during  initial  design 
of  the  aircraft. 

c.  using  a  central  Mission  Computer  (MC)  as  an  airborne  memory  for  the  EHS 
software  greatly  limits  development  and  growth.  The  ENS  software  requirements  in  the 
MC  will  always  take  a  secondary  priority  of  importance  to  tactical  capabilities  and 
needs. 


d.  To  enhance  flexibility  and  reduce  cost,  the  monitoring  system  software 
should  be  fully  re-programmable  without  requiring  hardware  modification  to  accommodate 
logic  modification  as  more  experience  is  gained  in  the  operational  use  of  the  weapon 
system. 


e.  To  accelerate  engine  development,  the  monitoring  system  should  have  the 
capability  to  record  data  during  and  prior  to  a  detected  engine  exceedance.  This  is 
beneficial  for  developing  the  monitoring  logic  and  for  understanding  the  cause  of 


2-7 


engine  anomalies. 

f.  To  accelerate  development  of  the  monitoring  logic,  a  continuous  recording 
system  is  desirable  during  the  flight  testing  stage.  Such  recording  can  be  achieved 
via  a  separate  on-board  recorder  or  through  ground  telemetry. 

g.  To  avoid  electromagnetic  interference  (BMI) ,  all  low  voltage  signals, 
especially  vibration  signals,  should  be  amplified  as  near  as  possible  to  the  sensor. 
TO  avoid  saturation  of  the  charge  amplifier,  the  vibration  signal  should  be  filtered 
to  eliminate  the  high-frequency  signal  above  10,000  Hz  prior  to  amplification. 

h.  A  maintenance  recorder  can  also  provide  a  crash  recorder  function.  The 
TMU  has  survived  and  been  successfully  used  in  the  post-crash  investigation  of  most 
F/A-18  crashes. 

i.  Ground  Station  software  develO{MRent  must  be  part  of  the  original  system 
and  aircraft  FSD  program.  The  F/A-18  BCAMS  program  was  added  as  an  after  thought  and 
has  continuously  limited  the  development  and  full  implementation  of  IBCMS 
capabilities. 

j.  Without  full  development  of  IBCMS  troubleshooting  and  diagnostic 
capabilities,  fleet  support  of  engine  component  life  usage  tracking  is  difficult. 

This  is  because  improved  troubleshooting  and  diagnostic  capabilities  are  used  by  the 
fleet  operators  on  a  daily  basis  while  life  usage  tracking  is  a  more  long  term 
benefit . 


k.  Poorly  designed  vibration  monitoring  capabilities  will  cause  erroneous 
indications  which  are  not  tolerated  by  the  fleet.  The  ICEMS  avionics  design  left  out 
a  required  high  frequency  vibration  filter.  *!l)i8  design  ommission  caused  high  energy 
noise  from  the  vibration  accelerometer  to  sometimes  saturate  the  signal  processing 
electronics  and  resulted  in  erroneous  vibration  warnings.  The  fleet  quickly  turned 
off  the  cockpit  vibration  warning  function. 

l.  lO  avoid  setting  false  cautions  and  maintenance  warnings,  engine 
operational  limit  exceedances  should  persist  for  several  computer  iterations. 

m.  Through  aircraft  PSD  and  continuing  into  production,  there  will  be  a  great 
use  of  BNS  supplied  data  to  address  many  types  of  engine  problems  in  the  engine  CIP. 

5*  AV-8B  EMS.  The  AV-8B  Harrier  Aircraft  is  a  Vertical  and  Short  Take-off  and 
Landing  (VSTOL)  attack  aircraft  powered  by  a  single  Rolls  Royce  P402-RR-406  engine. 

The  AV-8B  aircraft  is  an  updated  design  of  the  British  AV-8A  aircraft  and  is  being 
built  jointly  by  (MCAIR)  and  British  Aecoap«ice.  The  EHS  was  developed  jointly  by 
NAVAIR  and  the  UK  Ministry  of  Defense  (MOD)  for  application  on  both  the  AV-8B  and  the 
British  GR-5  aircraft.  This  system  is  also  being  procured  for  the  Spanish  Harrier 
Aircraft. 

Background . 

The  Harriers  EMS  evolved  from  a  UK  MOD  attempt  to  define  and  develop  a 
standardized  EMS  for  application  on  several  British  Aircraft.  The  initial  application 
for  such  a  system  was  the  GR-5  aircraft.  Since  the  AV-8B  and  GR-5  aircraft  were  being 
developed  under  a  joint  program  it  became  natural  for  a  common  EMS  effort  to  be 
proposed,  under  a  joint  US/UK  Memorandum  of  understanding  (MOU)  a  common  system  was 
developed  meeting  both  the  US  and  UK  requirements.  Originally  the  UK  requirements 
stressed  life  usage  monitoring  while  the  OS  was  more  interested  in  the  increased 
flight  safety  afforded  by  vibration  monitoring  and  the  improved  troubleshooting 
provided  by  limit  exceedance  and  incident  recording.  After  much  collaboration  a 
standard  EMS  with  common  hardware  and  software  was  developed  and  is  being  Implemented 
in  both  services'  Harrier  aircraft. 

The  development  of  the  Plessey  EMS  avionics  was  a  government  furnished  equipment 
(GFE)  effort,  lead  by  UK  MOD*  The  engine  kits  and  software  algorithms  were  supplied 
from  Rolls  Royce.  Tlie  installation  considerations  and  integration  were  divided 
between  British  Aerospace  and  MCAIR,  This  required  quite  a  management  coordination 
effort . 

Accomplishments  and  Experience. 

The  major  accomplishment  has  been  the  successful  development  of  a  standard  EMS 
with  common  hardware  and  software  meeting  both  countries'  and  services'  peculiar 
requirements.  Even  thouqh  the  AV-8B  and  GR-5  sircrsft  ate  sim’lar,  how  they  are  to  be 
used  and  how  the  individual  services  perceived  the  use  of  EMS  data  in  their  own 
maintenance  concepts  are  somewhat  unique.  This  took  a  significant  management  effort 
on  the  part  of  all  parties  and  often  involved  some  good  compromise. 

System  development  and  qualification  is  complete  and  production  delivery  is  under 
way.  Flight  test  evaluations  were  conducted  both  by  the  US  Navy  and  MCAIR  at  their 
facilities  and  by  the  British  Aerospace  and  the  RAF  in  England.  The  systems  are  just 
now  being  implemented  in  fleet  aircraft. 


For  the  AV-8B  and  GR5«  where  great  esphasis  has  been  placed  on  size  and  weight 
constraints,  the  EMS  hardware  coapriaes  two  airborne  and  two  ground  units  as  follows: 

Airborne: 

Engine  Honitoring  Unit  (EMU) 

Quick  Access  Recorder  (QAR)  optional 

The  US  Navy  will  use  a  Data  Storage  unit  (DSU)  Maintenance 
Recorder 

Ground : 

Data  Retrieval  Unit  (DRU> 

Data  processing  Ground  Station  (DPGS) 

The  airborne  units  are  mounted  in  the  wheel-well  and  used  respectively  to  compute 
engine  life  and  store  raw  data.  Ground  data  handling  equipment  consists  of  the  DRU 
which  is  a  back  pack  or  hand  held  unit.  Tt^is  unit  can  also  be  used  to  diagnose 
transducer/signal  input  failures  and/or  produce  first  line  engine  diagnostics  for 
service  use. 

The  EMS  is  designed  to  provide  the  following  functional  capabilities: 

LCF  Cycles  -  Centrifugal  LCP  counts  can  be  calculated  for  up  to  14  specified 
components  and  up  to  18  for  combined  thermal  and  centrifugal  LCF  counts. 

Additionally,  torque  and  pressure  induced  LCF  functions  can  be  incorporated. 

Turbine  Blade  Life  usage  -  Thermal  fatigue  and  creep  usage  can  be  calculated  on  up 
to  four  specified  components.  Blades  will  be  lifed  on  either  thermal  fatigue  or 
creep. 

Limit  Exceedances  -  The  EMS  can  be  programmed  to  detect  any  limit  or  rate  of 
change  exceedance.  On  detection  of  an  exceedance  it  will  continue  to  monitor  and 
record  its  duration  and  magnitude. 

Vibration  Monitoring  -  The  EMS  will  receive  a  broad  band  vibration  signal  from  one 
piezoelectric  transducer .  The  signal  will  be  conditioned  through  an  Integrating 
charge  amplifier  and  passed  through  an  array  of  15  discrete  band*pass  filters.  The 
filters  can  be  selected  to  isolate  a  specific  frequency  band  associated  with  gearboxes 
and  accessories. 

Incident  Recording  -  When  a  limit  exceedance  occurs,  or  a  specified  rate  of  change 
is  exceeded,  the  relevant  data  will  be  recorded  for  a  minimum  period  of  five  seconds 
before  and  20  seconds  after  the  incident.  In  addition  to  recording  data  from 
exceedances,  more  complex  incidents  can  be  programmed  in  the  same  way  as  software 
becomes  available.  At  the  request  of  the  US  Navy  a  pilot  initiated  record  capability 
has  been  incorporated. 

Continuous  Recording  -  A  continuous  recording  device  can  be  fitted  to  any  aircraft 
when  whole  flight  data  Is  required.  All  input,  and  some  calculated  parameters  can  be 
obtained . 

Data  Retrieval  The  life  usage  and  incident  data  can  either  be  displayed  on  a  LED 
display,  or  in  the  case  of  the  AV~8B,  on  the  cockpit  CRT.  However,  the  amount  of 
information  displayed  in  this  way  is,  of  necessity,  very  limited,  and  the  displays  are 
not  suitable  for  the  output  of  stored  data  associated  with  incidents.  A  Data 
Retrieval  Unit  (DRU)  has  therefore  been  provided.  The  main  function  of  the  DRU  will 
be  to  transfer  data  from  the  aircraft  to  the  ground  data  computer.  Bard  copies  of 
parameters  versus  time  and  trend  plots  will  be  available  from  the  ground  computer,  and 
parts  life  records  will  be  automatically  updated.  A  data  processing  ground  station 
capability  is  being  developed  by  both  services. 

The  data  required  to  perform  these  functions  are  available  from  five  different 
types  of  data  source: 

Analogue  Transducers 
Multiplex  Data  Bus  (1553) 

Digital  Engine  Control  System  Data  Bus 
Engine  Display  panel  UART  link 
Vibration  Transducer 

Results  are  stored  in  non-volatile  memory  and  are  available  for  output  to  ground 
based  support  equipment  (DRU),  the  cockpit  Digital  Display  Indicator  (DDI)  or,  in  the 
US  Navy's  case  by  reading  the  DSU.  Discrete  outputs  are  provided  in  the  form  of  a 
cockpit  amber  caution  lamp  and  a  refueling  panel  incident/exceedance  warning 
indicator.  Raw  data  obtained  from  continuous  recording  are  available  in  tape  cassette 
or  tape  cartridge  form. 

By  design,  significant  system  growth  capacity  is  available  to  add  future 
functional  capabilities.  A  further  detailed  description  of  the  AV-8B  and  GR-5  EMS  can 
be  found  in  reference  (d)  • 
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L€S<on»  Learned* 

Th«  joint  AV>6B  and  GR-S  aircraft  SMS  pco^ras  has  and  still  is  providing  nay 
lessons  learned.  Seme  of  the  eore  iaportant  ones  are  as  follows: 

a.  the  unique  BMS  requirements  of  tmo  services  in  two  countries  can  be  merged 
into  a  common  system  development.  This  approach  takes  a  large  government  management 
effort  and  is  based  on  the  willingness  to  make  intelligent  conpromises.  keeping 
communication  paths  open  and  having  lots  of  face-to-face  meetings  of  all  participating 
parties. 


b.  Interfacing  the  EMS  with  a  DECU  is  very  desirable  and  can  help  obtain  a 
very  comprehensive  monitoring  functional  capability  with  the  addition  of  only  a  few 
extra  dedicated  EMS  sensors.  This  is  particularly  true  in  regard  to  the  parameter 
signals  necessary  to  increase  fault  detection/fault  isolation  capability  of  control 
input  and  output  related  accessories  and  ffRA*s. 

c.  Similarly,  a  standard  NUX  Bus  interface  gives  the  EHS  access  to  a  large 
number  of  aircraft  parameters  which  normally  would  not  be  easily  and  affordably 
available.  This  capability  lets  EHS  interface  with  many  other  aircraft  subsystems  and 
lets  the  BMS  pickup  new  parameter  inputs  which  were  not  defined  as  necessary  in  the 
original  system  design. 

d.  An  adequate  EMS  stall  warning  capability  can  require  a  PsS  parameter 
sampling  rate  as  high  as  SO  to  100  times  per  second. 

e.  High  EHt  environments  and  electronic  noise  considerations  can  mandate 
mounting  the  vibration  signal  charge  amplifier  on  the  engine  as  close  to  the  vibration 
pickup  as  possible.  The  low  level  signal  of  a  vibration  accelerometer  makes  long  runs 
of  unshielded  wire  very  undesirable  if  the  charge  amplifier  is  located  in  the  EMS 
avionics  ”black  box.* 


f . 

additional 


Noise  in  the  aircraft  wiring,  subsystem  signals,  and  MUX  Bus  can  require 
EMS  signal  input  filtering  to  avoid  erroneously  interpreted  data  spikes. 


g.  other  aircraft  subsystem  BITE  capabilities  can  be  misinterpreted  by  the 
interfaced  EHS  software  causing  data  interrupts,  erroneous  diagnostics,  or  equipment 
shutdown . 


h.  Troubleshooting  system  develo{M«ent  problems  over  long  distances, 
particularly  during  flight  tests  with  Inadequate  funding,  no  central  contractor  as 
prime  and  confused  contractual  support  requirements  is  very  difficult  to  impossible 
The  optimum  solution,  of  course,  is  to  have  one  well  funded  contractor  as  prime  in 
charge  of  and  responsible  for  making  the  system  work  at  a  single  flight  test  site. 


i.  Aircraft  wiring  problems,  if  not  adequately  attacked  and  attended  to  will 
greatly  retard  system  development « 


j.  Late  attention  to  all  of  the  systems  ILS  elements  and  to  DPGS  development 
will  delay  system  production  incorporation  and  subsequent  fleet  implementation. 

k.  A  GFE  system  development  is  very  management  intensive  and  makes  software 
changes  difficult  to  manage  and  implement. 

6.  E-2CEMS, 


Ihe  US  Navy  B-2C  is  an  all  weather  airborne  early  warning  and  control  aircraft 
that  patrols  defense  perimeters  to  detect  approaching  enemy  threats  and  directs  the 
friendly  aircraft  to  engagement.  The  current  B-2C  is  powered  by  two  Allison  T56-A-425 
Series  ill  engines.  The  US  Navy  is  procuring  new  B-2C  aircraft  with  updated  avionics 
and  powered  by  a  new  technology  engine  and  using  improved  maintenance  concepts.  An 
EMS  to  monitor  the  health  of  the  engine  was  initiated  in  1984  and  was  incorporated 
into  the  engine  design. 

Background.  An  SIS  for  the  T56-A-427  engine  was  developed  by  Allison  Gas  Turbine 
under  Navy  contract  for  retrofit  into  the  b-2C  aircraft.  The  system,  designated  as 
T56-A-427  EMS,  is  designed  to  continuously  monitor  engine  health,  record  pertinent 
information,  and  through  a  ground  station  provide  diagnostic  information  to  operating 
personnel.  In-house  and  fight  testing  are  under  way  and  system  completion  is  expected 
in  late  1988.  Advances  in  state-of-the-art  computer  and  sensor  technology  have 
improved  system  cost  and  reliability  over  previous  BMS  systems.  The  EMS  was 
originally  to  be  developed  as  part  of  the  engine  FSD  program,  bit  funding  cuts  caused 
the  BPIS  to  be  developed  as  a  separate  contractual  effort. 

System  Description. 

Tits  BMS  system  is  comprised  of  the  elements  necessary  to  perform  continuous  engine 
monitoring  for  the  purposes  of  provldlngt  flight  safety-related  cockpit  warnings, 
postflight  excesdance/maintenance  indicators,  postfligbt  data  analysis  specifying 
maintensnee  requirements  and  procedurss,  and  long-range  tracking  of  engine  performance 
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and  parts  life  usage  criteria.  The  eleaents  consist  of  dedicated  EHS  components,  data 
outputs  from  the  engine  Digital  Electronic  Control  (DEC) ,  and  airframe  discrete 
(switch  position)  recognition  via  an  airframe  Installed  harness.  The  dedicated  BMS 
components  include  an  airframe  mounted  GB  supplied  Engine  Analyzer  Unit  (BAD)  with  a 
removable  Tape  Transport  Cartridge  (TTC) ,  engine-mounted  transducers  and  a  Ground 
Station  (GS) .  The  airborne  equipment  functions  to  acquire  data  while  the  ground 
station  performs  detailed  maintenance  diagnostics  and  engine  usage  data  bookkeeping 
functions. 

The  BMS  concept  and  design  philosophy  for  the  B2-C/TS6-A-427  is  based  on  the 
following  objectives:  enhanced  flight  safety,  reduced  maintenance  costs,  increased 
aircraft  availability  and  reduced  in-flight  mission  aborts.  This  system  concept  and 
design  philosophy  is  common  to  all  new  Navy  BMS  programs. 

Flight  safety,  the  main  emphasis  of  the  TS6-A-427  BMS,  is  enhanced  by  advanced 
detection  of  malfunctions  and  computer  assisted  maintenance  decisions.  Advanced 
detection  of  engine  malfunctions  in  their  early  stages  is  intended  to  provide 
sufficient  warning  to  the  pilot  to  enable  safe  landing  prior  to  major  engine/component 
failure.  The  system  is  designed  to  provide  the  pilot  with  a  degree  of  information 
regarding  engine  health  equal  in  measure  with  his  work  load  and  need. 

The  overall  reduction  in  engine  maintenance  costs  ranks  second  only  to  flight 
safety  in  justifying  the  need  to  have  an  operating  BMS.  Maintenance  expenditures 
(man-hours  and  material)  are  reduced  through  elimination  of  shotgun  troubleshooting, 
reduced  fault  isolation  time,  early  detection  of  malfunction  (reducing  or  eliminating 
secondary  damage),  and  on-condition  maintenance  capability  (versus  fixed  time 
intervals) . 

Aircraft  availability  is  automatically  Improved  via  reduced  maintenance  actions 
and  man-hours.  Improved  availability  can  ultimately  pay  off  in  reduced  inventory.  In 
addition,  valuable  manpower  resources  can  be  redirected  from  engine-related 
maintenance  to  other  areas,  helping  increase  aircraft  availability. 

The  system  objective  of  in-flight  mission  abort  reduction  is  best  fulfilled 
through  improved  overall  maintenance  and  early  detection  of  engine  malfunctions. 

These  system  capabilities  enable  corrective  maintenance  to  be  performed  in  the  early 
problem  stages  to  reduce  the  number  of  malfunctions  requiring  mission  aborts. 

Accomplishment  and  Experience. 

The  accomplishments  to  date  have  only  involved  the  system  design,  development  and 
qualification  efforts.  No  real  user  experience  has  been  accumulated.  Much  of  the 
system  design  and  development  efforts  have  centered  on  trying  to  manage  issues  that 
were  continuously  arising  between  the  development  prime  and  his  subcontractor.  This 
situation  was  compounded  by  the  Navy  breaking  out  the  avionics  for  a  direct 
procurement  from  the  development  subvendor  before  the  system  was  fully  developed  and 
qualified. 

Large  slippages  in  the  engine  FSO  and  flight  test  programs  have  both  helped  and 
hurt  the  BMS  development  effort.  The  additional  time  afforded  from  these  slippages 
has  enabled  similar  delays  in  the  BMS  development  program  to  be  seen  as  less  critical 
to  the  overall  program.  Conversely  though,  the  test  cell  and  flight  test  slippages 
have  greatly  reduced  the  amount  of  operational  test  time  the  BMS  will  experience  prior 
to  production  Incorporation.  This  will  most  significantly  impact  the  amount  of 
development  software  changes  possible  prior  to  production  delivery. 

Of  significant  note  concerning  this  BMS  design  is  the  use  of  Fast  Fourier 
Transforms  (FFT)  data  analysis  for  the  vibration  monitoring  capability.  This  is  the 
first  US  Navy  application  of  FFT  vibration  analysis  in  an  airborne  BMS,  and  should,  if 
successful,  provide  the  most  powerful  form  of  engine  vibration  monitoring  yet. 

Lessons  Learned. 


The  E-2C  BMS  program  though  not  yet  fully  developed  and  implemented  into 
production  has  already  provided  many  significant  lessons  learned.  Some  of  these  are 
as  follows: 

a.  Funding  cut  backs  and  management  redirection  can  certainly  adversly  impact 
a  well  planned  program.  The  BMS  development  was  originally  an  integral  part  of  the 
new  T56-A-427  engine  FSD  program*  An  urgent  funding  cutback  caused  the  BMS  effort  to 
be  redirected  as  a  separate  development  effort.  Many  of  the  planned  ENS  development 
items  normally  procured  were  dropped  just  to  keep  the  program  alive.  This 
particularly  affected  testing  and  software  documentation.  At  the  same  time,  the  BMS 
avionics  was  redesigned  to  handle  a  four  engine  application  of  the  current  model  T5€ 
engines.  Only  problems  resulted  from  this  program  redirection. 

b.  The  BMS  avionics  should  not  be  broken  out  from  the  development  prime 
prematurely.  Because  of  pressures  of  new  procurement  regulations,  a  decision  was  made 
to  break-out  the  first  production  lot  procurement  of  the  BMS  avionics  before 
qualification  and  flight  tests  were  finished.  This  was  a  very  bad  move  since  both 
Allison,  the  development  prime  and  Navy  program  management  immediately  lost  management 
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leverage  with  the  avionica  aubvendor. 

c.  Aircraft  delivery  preasurea  ahould  not  force  preaature  EMS  production 
conaitaenta.  Because  of  aircraft  delivery  schedule  pressures,  a  pilot  production 
contract  was  signed  for  ENS  avionics  before  auch  engine  test  cell  and  flight  test 
experience  was  accuaulated.  This  leaves  very  little  tiae  and  aanageaent  leverage  for 
cost'free  software  changes  prior  to  production  delivery,  it  is  very  likely  that  the 
prograa  structure  and  production  delivery  schedules  will  cause  us  to  freeze  the 
software  configuration  too  early. 

d.  The  EMS  avionics  subvendor  pilot  production  contract  should  not  be  signed 
until  all  development  specification  issues  are  resolved.  The  Navy  signed  a 
pilot-production  contract  with  the  EMS  avionics  subvendor  before  all  development 
probleas  and  prlae/subvendor  specification  issues  were  resolved.  This  again  was  a 
Navy  management  mistake,  caused  by  delivery  schedule  pre3sure8,  which  left  the  user  in 
the  middle  of  some  costly  and  unresolved  development  issues. 

e.  Design  trade-offs  within  the  EMS  system  should  not  adversely  affect  the 
systems  overall  performance.  The  EMS  avionica  design  failed  to  adequately  isolate 
some  sensor  input  failures  from  affecting  similar  sensor  inputs.  This  was  because  of 
poor  design  trade-offs  of  internal  fault  tolerance  versus  fault  detection. 

7.  P-14D,  and  A-6P  Tatlgue  and  Engine  Monitoring  System  (PEMS) . 

The  P-14A-f  aircraft  is  a  re-engined  version  of  the  current  P-14A  Tomcat  fighter 
powered  by  two  OE  PllO-GE-400  engines.  Besides  the  new  engines,  the  F-14D  introduced 
a  new  set  of  avionics  including  a  standard  1553  MUX  Bus.  The  A-6P  aircraft  is  an 
upgraded  version  of  the  current  A-6E  Intruder  aircraft  with  among  other  modifications 
t%K>  new  P404-GB-400  engines,  a  1553  MUX  Bus,  and  new  avionics.  All  three  of  these  new 
aircraft  are  built  by  Grumman  Aircraft  and  include  very  comprehensive  PEMS 
capabilities. 

Background . 

After  several  unsuccessful  attempts  to  structure  and  fund  an  EMS  program,  the 
current  P-14A  aircraft  still  does  not  have  a  monitoring  system.  With  the  proposal  of  a 
P-14A  re-engine  project,  an  EMS  requirement  was  specified.  This  requirement  was 
especially  easy  to  justify  since  the  USAP  version  of  the  PllO  engine  already  had  an 
EMS  capability  in  the  P-16  aircraft.  Also  new  engine  warranty  guarantees  mandated 
some  level  of  EMS  to  track  life  usage,  very  early  in  the  program  definition  this 
basic  EMS  requirement  was  combined  with  a  similar  requirement  for  an  airborne  aircraft 
fatigue  monitoring  system.  As  the  CPE  prime,  Grumman  Aircraft  conducted  a  competition 
and  selected  Northrop  Electronics  to  built  the  avionics  for  a  common  PEMS. 

The  A-6P  aircraft  planned  to  use  the  original  P/A-16  aircraft  MSDB  system  to  meet 
its  aircraft  fatigue  and  engine  monitoring  requirements.  Concerns  over  the 
state-of-the-art  of  the  current  MSDR  hardware  and  the  undesirability  of  using  the 
Mission  Computer  (NC)  for  the  airborne  application  program  changed  this  plan. 

Previous  BN8  programs*  'lessons  learned*  were  applied,  and  a  version  of  the  P-14D  PEMS 
was  proposed  for  the  A-6P  application.  Commonality  goals  were  applied  and  the 
Northrop  PENS  was  re-defined  to  provide  a  100  percent  common  hardware  system  for  use 
on  the  P-14A^,  F-140  and  A-6F  aircraft.  It  should  be  noted  that  along  with  the  common 
PENS  functional  requirements,  the  A-6P  system  also  monitors  the  status  of 
approximately  80  other  subsystems. 

System  Description. 

PENS  is  intended  to  extend  the  life  and  safety  of  the  fleet  by  permitting 
maintenance  to  be  performed  as  a  function  of  actual  life  usage  instead  of  costly  time 
scheduled  maintenance  routines  at  periodic  intervals. 

PENS  is  comprised  of  an  Airborne  Data  Acquisition  Set  (ADAS),  a  Data  Storage  Set 
(DS8) ,  an  Engine  Mounted  Signal  Processor  (EHSP)  and  the  Data  Processing  Ground 
Station  (DPGS) . 

Airborne  Data  ^quisttion  Set,  ttie  ADAS  is  maintained  common  to  the  PllO-GE-400 

and  F-14D)  and  the  P404-GB-400D  (A-6F)  ENS  requirements  by  containing  the 
necessary  hardware/software  for  both  engines.  Configuration  of  the  ADAS  for  each 
engine  is  accomplished  through  the  use  of  external  aircraft  harness  pins.  Hie  ADAS  is 
comprised  of  an  Airborne  Data  Acquisition  Computer  (ADAC)  and  the  Plight  Maintenance 
Indicator  (PMi). 

Airborne  Data  ^qu i si t ion  Computer .  Hie  ADAC  processes  data  and  interfaces  with  the 
K  as  a  HUB  Bus  remote  terminal,  in  the  case  of  the  P-14A4,  the  ADAC  receives 

data  from  the  Computer  Signal  Data  Converter  (CSDC)  via  a  Serial  Digital  Data 
Interface  (SDOX) .  Hie  ADAC  is  responsible  for  executing  fatigue  and  engine  monitoring 
algorithms  and  setting  engine  failure  alert  flags  for  the  HC.  Hie  ADAC  also 
interfaces  directly  with  the  PMI  to  display  PNI  codes,  flag  the  PMi's  failure 
indicator  and  clear  the  PHI  display. 
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Flight  Maintenance  Indicator.  The  PMI  is  located  in  the  nose  wheel-well  for  easy 
access  by  naintenance  personnel.  The  FMI  has  the  capability  of  inputing  discrete  data 
to  the  ADAC  to  initiate  the  fluids  check  function  and  initiate  the  fault  code  display 
function . 

Data  Storage  Set.  Ilie  DSS  consists  of  a  Data  Storage  Unit  (DSU)  and  a  Data  Storage 
Unit  Receptacle  (DSUR) ,  The  DSU  contains  the  necessary  electronics  to  conimunlcate 
with  the  MC  as  a  1553  MUX  Bus  remote  terminal  and  is  transportable  between  the 
aircraft  and  ground  stations.  The  DSU  contains  enough  solid  state  non-volatile  memory 
for  two  to  eight  flights  before  removal,  and  data  received  from  the  MC  is  sequentially 
stored.  The  DSUR  is  connected  on  a  NIL-STD-'1S53  avionic  bus  and  is  located  in  the 
aircraft  cockpit. 

Engine  Mounted  Signal  processor.  There  is  an  EMSP  mounted  on  each  engine  to  provide 
elementary  data  acquisition  functions  for  reading  data  from  engine  mounted  sensors. 

The  engine  data  collected  by  the  EMSP  is  then  sent  to  the  ADAC  via  the  1553  MUX  Bus. 

Data  Processing  Ground  Station. 

The  DPCS  features  include  in-flight  event  data  outputs  for  trouble-shooting  and 
failure  investigations,  performance  trending  alerts  and  charts,  and  an  event  and 
maintenance  history  database.  The  DPGS  incorporates  a  parts  Life  Tracking  System 
(PLTS)  to  provide: 

o  Automated  life  consumption  and  configuration  tracking  by  part, 
o  Removal  forecasting, 
o  Fleet  usage  data  reporting, 
o  Identification  of  part  location, 
o  Transaction  history, 
o  Opportunistic  maintenance  advisory. 

Accomplishments  and  Experience. 

As  of  this  date  the  FEMS  has  not  been  operational  in  the  fleet  so  there  has  been 
no  real  user  experience.  Because  of  program  slippages,  there  has  been  only  limited 
Grumman  and  Mavy  flight  test  experience  using  the  system,  what  little  there  has  been 
was  used  mainly  to  tcoubleshoot  specific  system  development  problems.  These  problems 
mainly  Involved  fine  tuning  the  software  and  getting  the  system  interfaces  and 
installation  integration  to  work  right.  The  system  integration  efforts  were  greatly 
enhanced  by  the  extensive  use  of  the  Grumman  avionics  development  laboratory  *benche8* 
and  aircraft  front  frame  avionics  Integration  facility. 

The  major  accomplishment  of  the  FEMS  program  has  been  the  design  development  and 
implementation  of  a  common  aircraft  fatigue  and  engine  monitoring  concept  with  lOJ 
percent  common  avionics  hardware  on  three  different  aircraft  using  two  different 
engine  types.  This  accomplishment  is  extremely  significant  since  it  shows  that  when 
it  makes  sense,  a  standard  monitoring  system  can  be  used  on  differing  aircraft 
applications.  In  this  case  there  were  two  different  basic  aircraft  types,  three  sets 
of  installation  and  Integration  problems,  tvo  very  different  engine  type  with  their 
own  sensor  sets,  and  three  unique  software  application  programs.  Also,  the  A-6F  added 
other  subsystem  monitoring  functions,  in  this  case  these  three  aircraft  programs  were 
happening  at  approximately  the  same  time  frame  and  would  all  be  done  by  the  same  prime 
aircraft  manufacturer.  A  common  FEMS  made  sense  and  worked. 

Lessons  Learned. 


Hie  P-X4A'f,  F-14D,  and  A-6F  FENS  programs  have  provided  many  lessons  learned. 

Many  of  these  deal  with  program  management  and  system  integration,  some  of  the  more 
significant  ones  ace  as  fellows: 

a.  A  common  combined  fatigue  and  engine  monitoring  concept  using  standard 
avionics  hardware  can  be  designed,  developed  and  implemented  on  two  different  aircraft 
types,  using  different  engines  and  requiring  unique  software  programs.  Attempts  to 
apply  standard  EMS  hardware  shouf.d  not  be  applied  universally,  but  only  when  it  makes 

sense. 


b.  One  prime  contractor  for  system  development  and  early  production 
implementation  works  best. 

c.  Too  many,  different  contracts  for  various  parts  of  the  program,  though  a 
programmatic  and  funding  necessity,  was  very  difficult  to  manage. 

d.  use  of  very  extensive  avionics  system  bench  integration  tests  were 
extremely  valuable  but  did  not  completely  eliminate  aircraft  installation  and  software 
problems  during  flight  test. 
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e.  Changes  in  other  aircraft  subsysteas  software  which  interfaces  with  the 
PENS  can  adversely  affect  the  FEMS  software.  This  is  particularly  bothersome  when 
these  other  interfacing  subsystems  are  having  development  problems,  either  known  or 
unknown.  It  takes  time  to  troubleshoot  and  fix  these  subsystem  software  problems  and 
the  FEMS  development  and  evaluation  process  suffered. 

f.  It  is  unwise  to  adopt  unchanged  engine  algorithms  used  for  another  EMS 
application  of  the  same  engine.  *nie  initial  FEMS  position  was  that  the  older  USAF 
FllO  engines  algorithms  would  change  by  not  more  than  20  percent  for  the  F-14 
application.  This  was  a  naive  position  and  caused  too  little  software  changes  to  be 
budgeted,  did  not  take  into  account  that  USAP  F-16  software  was  changing  as  they 
corrected  their  field  problems,  caused  the  production  software  configuration  to  be 
frozen  prematurely  and  resulted  in  production  system  delivered  with  known  software 
errors . 

g.  Not  enough  funding  was  allocated  for  FEMS  software  changes  during  aircraft 
PSD.  Similarly,  post-^development  aircraft  support  budgets  require  adequate  FEMS 
funding  items  for  continuation  of  fine  tuning  of  the  system  and  software  changes.  The 
danger  is  that  this  type  of  required  support  gets  minimized  or  left  out  of  fixed-price 
contractual  commitments. 

h.  It  is  very  hard  to  predict  and  budget  all  FEMS  development  requirements  in 
a  fixed-price  development  contract.  Also  sub-vendor  *buy-ins*  in  this  type  of 
contractual  arrangement  could  kill  a  good  program  either  in  development  and/or 
production . 

1.  DPGS  software  development  is  best  done  by  the  engine  manufacturer. 

j.  A  real  time  clock  with  continuous  Julian  Date  capability  is  extremely 
desirable  to  life  usage  monitoring  and  parts  life  tracking. 

k.  Getting  the  OPGS  software  and  parts  life  tracking  system  developed 
correctly  and  concurrent  with  fleet  introduction  of  this  airborne  FEMS  is  still  one  of 
the  most  difficult  tasks. 

l.  With  two  aircraft  developments  being  conducted  simultaneously,  man-hour 
priorities  and  shifting  aircraft  schedules  greatly  affect  a  common  FEMS  development 
program.  This  type  of  situation  presents  a  unique  management  challenge. 

ra.  Having  gone  through  the  F/A-18  IBCMS  experience  greatly  contributed  to 
GE's  ability  to  develop  new  F404  algorithms  and  enhanced  FEMS  applications  software. 
This  is  true  for  both  the  airborne  and  ground  system  elements. 

n«  The  responsibility  split  by  the  GB  team  developing  P-14  and  A-6  ground 
station  software  worked  well  and  resulted  in  relatively  common,  "user  friendly" 
software  with  standard  output  formats. 

o.  The  A-6F  FEMS  turned  into  the  first  US  Navy  comprehensive  mechanical 
condition  monitoring  system  by  monitoring  the  engine,  aircraft  fatigue  usage,  and  the 
status  of  up  to  80  other  aircraft  subsystems. 

8.  V-22  Vibration,  Structural  Life  and  Engine  Diagnostics  (VSLED) . 

The  V-22  is  a  new  multi-mission  aircraft  design  using  tiltrotor  technology, 
combining  the  efficient  flight  characteristics  of  a  modern  turboprop  aircraft  with  the 
vertical  take-off  and  landing  characteristics  of  a  conventional  helicopter.  The  v-22 
aircraft  will  be  used  by  US  Marine  corps.  Navy,  Air  Force  and  Army  for  their 
respective  unique  missions.  The  V-22  is  powered  by  two  Allison  T406-AD-400  turboshaft 
engines  and  depends  heavily  on  monitoring  techniques  to  optimize  maintenance 
efficiency. 

Background . 

•rte  next  generation  of  integrated  aircraft  health  monitoring  systems  is  now  under 
development  for  the  Bell-Boeing  V-22  tiltrotor  aircraft.  The  VSLED  system  will  be 
instrumental  in  minimizing  operational  maintenance  costs  on  this  aircraft. 

Bell  Helicopter  Textron  Inc.  is  developing  and  integrating  the  VSLED  system  for 
the  V-22;  Allison  Gas  Turbine  is  supplying  the  algorithms  unique  to  the  engine 
monitoring  function.  The  hardware  and  operating  system  for  the  VSLED  airborne  unit  are 
subcontracted  to  Teledyne  Controls  of  los  Angeles,  California. 

The  V-22  program  has  stringent  maintainability  and  serviceability  requirements, 
and  the  VSLED  system  is  being  developed  to  help  meet  them,  one  of  these  requirements 
is  that  the  V-22  require  half  as  many  maintenance  hours  as  helicopters  of  an 
equivalent  class,  l^is  means  the  V-22  must  have  a  system  to  support  the  on-condition 
maintenance  concepts  pioneered  on  earlier  military  aircraft.  The  application  of 
on-condition  maintenance  to  the  EMS  will  alone  account  for  significantly  lower 
operational  costs  and  enhance  system  readiness. 

System  Description.  Recent  years  have  seen  great  progress  in  the  development  of 
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•yst«BS  for  procotslng  and  using  data  for  the  control  of  aircraft  and  tha  aonltocing 
of  thair  condition.  Tha  V-22  has  coaputars  and  data  busas  that  exploit  this  progress 
heavily  for  controlling  and  aonltorlng  every  aspect  of  flight.  In  addition  to 
supporting  such  obvious  aspects  as  flight  performance,  engine  perforaance,  and 
navigation,  the  data  aystea  can  collect  and  process  inforaation  on  the  functioning  and 
condition  of  systea  components  for  maintenance  purposes.  VSLBD  is  the  combination  of 
dedicated  hardware  and  software  that  permits  development  of  an  on-condition  systea  for 
maintenance  purposes. 

Overall  VSLBP  monitoring  regulreaents. 

Bell  is  developing  all  of  the  VSLBD  applications  software  that  integrates  the 
following  major  monitoring  functionst 

a.  A  set  of  vibration  diagnostic  algorithms  for  the  drive  train,  rotors  and 

engines. 

b.  On-board  analysis  of  rotor  track  and  balance  and  generation  of 
instructions  for  adjustment. 

c.  A  structural-life  monitoring  program  for  the  airframe. 

d.  A  structural-life  monitoring  system  for  the  rotor  system  and  associated 
dynamic  components. 

e.  An  engine  monitoring  system  (BNS) . 

The  central  nervous  system  of  the  V-22  is  a  MIL-STD-1S53  dual-redundant  data  bus. 
The  VSLBD  avionics  hardware  operates  as  a  remote  terminal  on  this  bus,  receiving  data 
from  a  wide  range  of  aircraft  systems  via  one  of  two  ab/ATK-14  mission  computers  that 
direct  traffic  on  the  data  bus.  nirougb  this  avionics  bus  VSLBD  has  access  to  the 
triple-redundant  flight  control  computers  and  their  wealth  of  navigational  and  control 
system  data,  all  of  which  it  uses  In  its  algorithms.  Ute  avionics  bus  is  also  a 
gateway  for  the  display  of  maintenance  data,  rotor  track  and  balance  data,  and 
performance  data  on  any  of  the  four  multi-function  cockpit  displays. 

The  avionics  package  includes  a  solid-state  data  storage  cartridge.  Data  stored 
In  the  VSLBD  airborne  unit  can  be  transferred  to  the  cartridge  for  post-flight 
processing  at  a  designated  ground  station.  The  cartridge,  which  is  part  of  the 
aircraft  data  storage  system  (DSS) ,  la  also  used  to  upload  preflight  mission  data  and 
can  be  used  to  establish  VSLBD  parameters  peculiar  to  a  specific  aircraft 
configuration. 

The  V*22  monitoring  concept  represents  the  most  comprehensive  system  yet.  A  more 
detailed  description  of  the  VSLBD  system  can  be  found  in  reference  (e) . 

Engine  Monitoring  System. 

Design  Goals. 

The  engine  monitoring  system  is  being  designed  to  achieve  the  following  goalst 
increase  flight  safety,  support  on-condltion  maintenance,  reduce  life  cycle  costs  and 
acquire  warranty  data. 

Improvements  to  flight  safety  result  primarily  from  automatic  in-flight  display  of 
out-of-limit  operating  conditions.  Display  of  in-flight  operating  limit  exceedances 
gives  the  pilot  the  timely  information  he  needs  in  order  to  take  action  to  avoid  a 
major  engine  failure.  The  system  further  improves  flight  safety  by  giving  maintenance 
personnel  post-flight  diagnostics  for  timely  and  accurate  corrective  maintenance.  In 
some  cases,  the  fault  isolation  and  detection  capabilities  of  the  system  provide 
information  on  maintenance  requirements  that  is  not  otherwise  available.  For  example, 
trends  in  vibration  levels  can  indicate  the  need  to  perform  maintenance  long  before  a 
failure  occurs. 

ttie  system  supports  on-condition  maintenance  by  acquiring  and  analysing  the  data 
necessary  for  the  direction  of  corrective  and  preventive  maintenance.  Performance  and 
vibration  trending,  parts  life  usage  tracking,  and  full-time  exceedance  monitoring  and 
fault  detection  combine  to  make  an  on-condition  maintenance  concept  possible.  Instead 
of  being  based  on  fixed  Intervals,  inspections  and  maintenance  will  be  scheduled  as  a 
result  of  a  measured  rate  of  performance  degradation  or  parts  life  usage.  Operating 
limit  exceedances  will  be  confirmed  end  quantified  through  the  recorded  data  and, 
depending  upon  their  severity,  the  appropriate  maintenance  action  will  be  scheduled. 

Accomplishment  and  Experience. 

Ae  main  accomplishments  to  date  have  resolved  around  establishing  a  final  system 
definition,  getting  development  hardware  built,  generating  initial  algorithms  and 
software  programs,  and  solving  aircraft  integration  problems.  At  this  time,  only  very 
limited  subsystem  qualification  has  been  performed  and  no  flight-testing  has  occurred. 
Tbe  management  coordination  of  all  the  various  subvendors  involved  in  this  fully 
Integrated  monitor  system  has  been  a  major  accomplishment. 


2*1 


The  design  effort  required  to  develop  the  a«all,  light  weight  and  very 
functionally  capable  VSLED  avionics  unit  with  its  large  growth  capacity  has  been 
significant.  Ttie  designed  in  hardware  growth  potential  to  add  expanded  gearbox 
vibration  nonitoring  at  soae  future  date  is  a  significant  acccMipl i sheen t .  Hie  use  of 
FFT  vibration  analysis  techniques  ieplenented  by  a  separate  nicroprocessor  is  also 
significant.  This  is  the  US  Navy*6  first  atteapt  to  nonitor  a  complete  aircraft  potfer 
drive  train  including  engine,  gearboxes,  proprotor,  shafting  and  hangar  bearings. 

Much  of  the  v-22  VSLED  monitoring  functions  will  apply  directly  to  any  future 
comprehensive  helicopter  monitoring  system. 

Lessons  Learned . 

Even  though  the  V-22  VSLED  program  is  only  in  the  initial  stages  of  system 
development,  there  have  been  several  items  that  could  be  classified  as  lessons 
learned.  Some  of  the  more  important  ones  are  as  follows: 

a.  The  new  aircraft  and  engine  maintenance  concepts  and  warranty  guarantees 
are  depending  more  and  more  on  the  data  that  an  EMS  can  provide.  The  V-22  maintenance 
plan  and  the  T406-AD-400  engine  warranty  requires  an  EMS  capability  as  provided  by 
VSLED. 


b.  There  is  a  definite  trend  in  the  new  aircraft  programs  to  provide  a  more 
integrated  monitoring  system.  This  is  true  in  that  the  avionics  supplying  the 
monitoring  functions  is  not  stand  alone  but  integrated  into  the  complete  aircraft 
avionics  suite,  often  involving  several  *black  boxes*,  the  mission  computer,  the  1553 
MUX  Bus,  and  common  data  storage  units.  This  is  also  true  in  that  more  aircraft 
subsystems  are  being  monitored  by  the  same  integrated  monitoring  system. 

c«  There  is  a  trend  toward  grouping  the  mechanical  subsystem  monitoring 
functions  into  one  area  of  the  integrated  monitoring  system,  while  the  avionics 
monitoring  functions  are  accomplished  in  another  area.  This  trend  is  exemplified  in 
the  V-22,  where  the  avionics  monitoring  function  is  performed  in  the  mission  computer 
while  engine,  airframe  fatigue,  proprotor,  gearbox,  and  hangar  bearing  monitoring  is 
performed  by  VSLED. 

d.  Ihere  is  a  trend,  supported  by  increased  airborne  computer  processing 
capacity,  to  provide  a  higher  level  of  on-board  diagnostics  and  troubleshooting 
capability.  As  the  airborne  system  provides  increased  fault  detection  and  fault 
isolation  capability,  there  is  a  lesser  requirement  to  analyze  recorded  data  in  a 
ground  station  before  supporting  aircraft  turn-around  decisions. 

e.  The  OPGS  software  development  can  easily  get  off-track  if  it  is  not 
contractually  scheduled  as  an  integral  part  of  the  aircraft  FSD  program.  The  VSLED 
ground  station  software  development  was  not  part  of  the  original  FSD  contract  and 
therefore,  is  significantly  lagging  the  airborne  system  develo^Hsent.  Airborne  and 
ground  station  system  software  development  should  be  concurrent  and  managed  by  the 
prime  contractor. 

f.  with  careful  planning,  significant  growth  capacity  can  be  designed  into 
the  airborne  system  with  minimum  cost  and  weight  penalties.  Comprehensive  gearbox 
vibration  monitoring  was  a  desired  growth  capability  of  the  VSLED.  This  growth 
capability  was  achieved  by  estimating  necessary  hardware  and  software  requirements, 
allocating  the  necessary  spare  connectors  and  input  channels,  increasing  the  power 
supply,  leaving  two  spare  card  slots  and  designing  the  mother  board  with  this 
increased  capacity  specifically  in  mind. 

9.  Conclusion. 

Fully  profiting  from  the  experiences  of  previous  EMS  programs  and  applying 
available  lessons  learned  to  current  and  future  development  efforts  is  a  continuing 
task  requiring  attentive  management  practices  and  good  "corporate*  knowledge.  Most 
EMS  benefits  have  now  been  well  established  and  there  is  no  continuing  need  to 
re-justify  these  for  every  new  program.  The  best  way  to  ensure  having  an  EMS  as  part 
of  a  new  aircraft  development  program  is  with  detailed  functional  capability 
specification  requirements. 

To  date,  if  the  top  three  lesson  learned  for  EMS  development  were  listed,  they 
would  be  as  follows: 

a.  EMS  works  and  the  benefits  are  accepted. 

b.  One  contractor  should  be  established  as  prime  for  any  development  effort. 

c.  With  an  integrated  avionics  systems  approach,  careful  management  attention 
must  be  paid  to  ensure  that  EMS  fun';tional  requirements  are  not  compromised. 


lt«t«cene«» 
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SUMMARY 

The  cost  effectiveness  of  engine  condition  monitoring  has  often  been  questioned.  The 
Royal  Air  Force  (RAF)  has  considerable  experience  of  engine  condition  monitoring  based 
on  a  series  of  trials.  Recently  aircraft  have  been  introduced  with  comprehensive 
monitoring  systems.  Previous  condition  usage  monitoring  trials  are  outlined  together 
with  the  reasons  for  changing  from  scheduled  based  maintenance  to  condition  based 
maintenance.  The  cost  effectiveness  of  various  methods  is  revealed  and  the  difficulty 
of  Justifying  the  retrofit  of  equipment  fleetwide  is  discussed.  Finally,  some  of  the 
current  activities  in  the  RAF  on  condition  monitoring  are  presented. 
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1 .  INTRODUCTION 

This  is  the  second  paper  in  a  series  of  three  prepared  by  the  Air  Force  Department  of 
the  UK  Ministry  of  Defence  on  the  subject  of  Engine  Usage  and  Condition  Monitoring 
Systems  (EUCAMS).  The  first,  at  reference  1,  dealt  with  the  broad  aspect  of  the  UK 
requirement.  The  third,  at  reference  2,  will  be  presented  to  ASME  in  June  on  the  subject 
of  the  application  of  Engine  Health  Monitoring  (EHM)  for  future  technology  engines. 

The  Armed  Forces  of  the  UK  have  been  accused  of  not  revealing  the  cost  effectiveness 
of  EUCAMS  and  this  paper  has  been  prepared  to  answer  that  challenge.  EHM  is  regarded 
as  part  of  the  wider  term  EUCAMS  which  includes  information  management  and  the  control 
of  assets.  It  Is  often  not  a  clear  argument  whether  one  system  or  method  is  more  cost 
effective  than  another,  but  the  RAF  does  have  a  perspective  on  the  cost  effectiveness  of 
EHM  based  on  RAF  experience.  This  experience  is  based  on  three  major  exercises  that 
have  sought  to  show  the  advantages  in  terms  of: 

a.  Improved  flight  safety. 

b.  Aircraft  availability. 

c.  Reduced  support  costs. 

The  equipments  available  to  the  RAF  for  EHM  are  discussed  briefly  together  with  a  cost 
effectiveness  study  for  the  application  of  those  equipments  to  the  Hawk  emd  the  Tornado. 
The  case  for  retrofitting  equipment  to  aircraft  is  examined  and  the  policy  for  EHM 
on  future  aircraft  is  outlined.  The  advantages  of  parts  life  tracking  is  available 
to  the  RAF  In  limited  form  on  Tornado,  but  this  will  be  much  enhanced  for  the  Harrier  GR5 
and  could  be  improved  for  the  Tornado.  The  systems  currently  being  brought  Into  service 
are  quite  diverse,  but  their  anticipated  performance  leads  to  the  advantages  sought  by 
the  policy  of  introducing  EUCAMS  to  the  RAF.  EUCAMS  permits  the  move  towards  condition 
based  predictive  maintenance,  but  this  philosophy  needs  to  be  incorporated  in  the  design 
of  an  engine  from  the  inception. 

2.  THE  BENEFIT  OF  EUCAMS 


EUCAMS  should  give  us  the  facility  to  monitor  engine  condition  accurately  and  hence  to 
carry  out  maintenance  activity  only  when  necessary.  All  the  following  advantages  involve 
considerable  cost  implications: 


a.  Flight  Safety.  A  comprehensive  monitoring  system  would  not  have  prevented  all 
6  or  so  of  our  engine^caused  aircraft  losses  per  year.  However,  a  significant 
number  of  the  mechanical  failures  and  pilot  overload  events  could  be  avoided  with 
appropriate  monitoring  techniquea  and  one  aircraft,  costed  at  say  £15N,  saved  per 
year  would  pay  for  a  sizeable  EHM  programrae. 


b.  Life  Cycle  Coats  (LCC).  The  engine  represents  a  large  part  of  the  in-service  sup¬ 
port  coats  for  aircraft.  For  example,  the  engine  represents  47N  for  Harrier  and  32M 
for  Hawk.  These  costs  need  to  be  reduced,  because  currently  we  spend  2S%  of  the  LCC 
procuring  an  aircraft  and  then  7SN  supporting  it  over  Its  life.  These  ratios  are 
similar  for  enginaa  but  high  support  costa  are  preventing  us  from  having  better 
equipment  and  updating  equipment  as  often  as  is  necessary. 
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c.  Aircraft  Engine  Availability.  In  1965*  engine  unserviceability  was  the  single 
largest  reason  for  lost  Tornado  flights.  This  has  a  severe  operational  implication 
from  cancelled  missions,  but  there  is  an  associated  loss  of  training  which  causes 
frustration  to  our  aircrew  and  groundcrew  alike. 

3.  EHM  EXPERIENCE 

The  major  exercises  that  have  shown  the  financial  advantages  of  EHM  are  as  follows:- 

a.  Engine  Usage  Monitoring  System.  Engine  Usage  Monitoring  System  (EUMS)  was 
started  in  the  1970s  to  show  engine  usage  and  enable  the  calculation  of  accurate 
LCF  exchange  rates.  EUMS  records  engine  parameters,  via  a  data  acquisition  unit, 
onto  a  standard  C-120  cassette.  The  method  is  based  on  sampling  engines.  At  each 
unit  flying  the  aircraft,  a  number  of  engines  are  instrumented  for  data  sampling; 
the  data  is  then  processed  in  industry  who  recommend  exchange  rates.  £45M  has 

been  saved  over  the  life  of  the  Adour  in  Hawk  where  the  exchange  rate  has  been  reduced 
from  8  to  2  cycles  per  hour. 

b.  Air  Staff  Target  603.  Air  Staff  Target  (AST  603)  involved  the  embodiment  of 
EHM  equipment  to  show  the  cost  effectiveness  of  automatic  data  recording  as  an 

EHM  technique  in  conjunction  with  an  on-condltlon  maintenance  policy.  It  commenced 
in  1975  and  the  trial  on  12  Hawk  aircraft  ran  from  October  1981  until  the  beginning 
of  1965.  The  work  in  AST  603  included  LCF  calculation,  assessment  of  creep  and 
thermal  fatigue  and  condition  monitoring  through  gas  path  parameter  analysis  of 
limit  exceedance  for  diagnostic  purposes.  A  number  of  lessons  learnt  are  detailed 
at  reference  1  and  AST  603  formed  the  basis  of  the  EMS  for  Harrier  CR5. 

c.  Air  Staff  Requirement  1943.  Air  Staff  Requirement  (ASR)  1943  became  the  basis 
of  on-board  calculations  of  LCF  life  used.  The  method  has  been  a  success,  but 

the  cost  of  retro-installation  has,  so  far,  precluded  its  use  on  any  aircraft  other 
than  on  those  of  the  Red  Arrows  aerobatic  team.  Engines  used  by  the  team  have  been 
shown  to  have  a  variability  in  cyclic  consumption  of  up  to  16:1  for  aircraft  in 
different  positions  in  the  team’s  formation.  Red  Arrows  engines  are  now  lifed 
directly  by  using  the  Smith’s  Industries  Low  Cycle  Fatigue  Counter  (LCFC). 

4.  CHOICE  OF  EQUIPMENT 

In  1984  Rolls  Royce  were  commissioned  to  carry  out  a  study  on  behalf  of  MOD  into  the 
financial  benefits  that  might  have  accrued  by  fitting  various  equipments  for  EHM  to 
the  Hawk  and  the  Tornado.  From  this  study  the  RAF  considered  the  advantage  of  the 
existing  EUMS  fit  against  an  additional  Cleetwide  fit  of  an  LCFC  and  then  against  a 
fleetwide  fit  of  an  engine  monitoring  system  (EMS)  which  includes  the  same  lifing 
facilities  as  the  LCFC.  The  EMS  used  for  the  study  was  similar  to  that  being  procured 
for  the  Harrier  GR5, 

a.  Hawk.  The  savings  attributed  to  EUMS  for  Hawk  were  estimated  over  15  years  from 
1982.  Savings  for  LCFC  and  EMS  were  estimated  for  a  15  year  remaining  life  of  the 
aircraft,  with  an  assumed  start  date  of  1984.  Actual  and  theoretical  savings  have 
been  estimated  as  follows: 


Cost 

Total  Cost 

Saving 

Cumulative  Saving 

EUMS 

1 

1 

45 

45 

LCFC 

1.05 

2.05  (EUMS+LCFC) 

9 

54 

EMS 

2.7 

3.7  (ElfMS+EMS) 

7 

61 

All  the  above  figures  are  in  millions  of  pounds  Sterling.  From  the  cost  and  saving 
data,  an  LCFC  fit  would  cost  twice  as  much  as  EUMS  but  give  only  16.5%  saving  beyond 
that  attainable  with  EUMS.  An  EMS  would  give  a)l  the  benefit  of  the  LCFC,  but 
would  cost  270%  more  than  a  EUMS  Installation,  It  was  clear  to  MOD  that  the  return 
on  investment  fully  justified  the  cost  of  EUMS  on  Hawk  but  83%  of  the  benefit  had 
been  obtained  without  making  a  further  investment  in  LCFC.  By  tripling  the  cost, 

EMS  could  have  been  installed  but  EUMS  had  already  given  74%  of  the  potential  total 
advantage.  Now  these  deductions  assume  that  EUMS  would  have  been  fitted  regardless 
of  the  other  solution  chosed. 

b.  Tornado  RB199.  Assessment  of  cost  effectiveness  for  RB199  was  a  different 
exercise  because  exchange  rates  from  BUMS  had  shown  that  the  design  assumptions  were 
reasonable.  Tornado  EUMS  has  contributed  to  enhanced  flight  safety  as  well  as  having 
assisted  with  logistic  management.  A  reappraisal  of  the  stress  features  and  a 
reassessment  of  the  data  base  for  the  engine  lifing  showed  that  there  are  substantial 
differences  between  operating  units  LCF  exchange  rates.  The  problem  has  been 
highlighted  because  of  the  present  system  which  calculates  lifing  for  all  Mks  and 
modification  states  of  the  engine  in  the  same  way.  Studies  are  now  in  hand  to  see 
whether  such  a  common  life  policy  Is  safe  and  cost  effective.  To  examine  whether  a 
fleetwide  fit  of  an  LCFC  is  cost  effective  needs  the  establishment  of  the  baseline 
for  savings.  In  the  case  of  the  RB199  this  is  not  the  highest  exchange  rate  in  the 
fleet,  but  the  acceptcmce  that  flight  safety  has  been  confirmed  and  that  the  logistic 
element  of  critical  component  lifing  can  be  tackled  in  the  fut  re.  EUMS  on  Tornado 
cost  £1.3M  but  the  cost  of  a  fleetwide  fit  of  LCFC  would  have  been  £4.0M.  For  an 


expenditure  on  EUMS  of  32. b%  of  the  cost  of  an  I.CFC  fit,  a  considerable  flight 
safety  benefit  has  been  achieved.  Based  on  Tornado  EUNS  results,  we  know  that 
variability  of  LCF  consumption  would  result  in  a  cost  saving  on  25%  of  components. 
Currently,  the  exchange  rates  are  based  on  a  weighted  average.  From  the  report  we 
have  assumed  that  25%  of  the  saving  would  be  spread  over  2/3  of  the  fleet,  but  the 
remaining  1/3  of  the  aircraft  would  be  found  to  be  consuming  LCF  at  twice  the  average 
rate.  The  forecast  saving  in  the  Rolls  Royce  report  for  LCFC  was  £46N.  However 
the  saving  would  drop  to  £20M  if  the  variability  of  exchange  rate  were  only  10%. 
Figures  for  both  cases  appear  below: 

Variability 

of  usage  25%  10% 

Saving  a  £46M  £20H 

RR  Report 

MOD  estimate 

Likely  saving  «  2/3  x  48  •  (1/3  x  4B)/2  2/3  x  20  -  (1/3  x  20)/2 

>  £24M  £10N 

These  figures  assumed  the  actual  saving  will  be  abated  over  1/3  of  the  fleet  because 
for  those  aircraft  the  exchange  rate  is  higher  than  for  the  majority.  Hence,  a 
return  on  investment  of  between  2  and  6-fold  could  be  made  through  a  fleetwide  fit 
of  LCFC  despite  the  advantages  already  accumulated  through  EUMS.  Unfortunately, 
this  calculation  assumed  that  the  modifications  for  an  LCFC  could  be  Implemented 
quickly  for  the  aircraft  fleet;  this  is  often  not  the  case. 

5.  PARTS  LIFE  TRACKING 

Since  the  study,  referred  to  above,  the  advantages  of  the  Engine  Structural  Integrity 
Programme  (ENSIP),  detailed  in  reference  3,  have  been  evaluated.  In  addition  we  have 
found  that  variability  of  engine  cyclic  usage  in  the  Tornado  Fleet  can  be  as  high  as 
5  times  for  some  components.  One  of  the  major  features  of  the  ENSIP  approach  is  the 
requirement  for  a  life  management  plan  including  a  parts  life  tracking  (PLT)  record 
for  Individual  components.  The  RAF  has  not  tracked  the  life  of  individual  components 
other  than  on  the  basis  of  “lowest  life  part  gives  the  life  of  the  engine  or  module'*. 
Calculations  from  EUMS  showed  that  the  variability  on  intermediate  pressure  compressors 
(IPC)  was  particularly  high  for  different  roles  of  the  aircraft.  A  poor  logistic  position 
for  the  components  led  to  the  entire  fleet  being  reassessed  to  see  if  some  components 
could  have  life  extensions.  This  resulted  in  some  200  hours  per  component  being  clawed 
back  on  some  300  IPC.  This  was  equivalent  to  a  saving  of  60  IPC,  represented  a  consider¬ 
able  financial  saving  and  led  to  the  concept  of  the  fleet  based  exchange  rate  as  opposed 
to  the  more  usual  common  exchange  rate. 

The  advantage  of  this  method  of  llfing  cannot  be  realised  unless  a  safe  appreciation  of 
variability  and  its  causes  is  obtained  for  a  fleet  of  aircraft.  In  hand  is  a  study  of 
the  causes  of  variability,  using  the  EUMS  data  base,  together  with  a  study  to  show 
how  often  parts  move  between  various  operating  units.  Fleet^based  exchange  rates  can 
only  be  operated  after  statistically  sound  levels  of  data  are  available  from  each 
operating  unit.  It  has  been  found  that  after  100  sorties  have  been  recorded  for  a  role 
or  unit,  the  exchange  rate  tends  towards  a  constant  value.  This  true  value  C€m  tedee 
some  time  to  emerge,  particularly  where  training  squadrons  change  role  to  operational 
duties.  Thus  it  is  necessary  to  continue  recording,  to  guard  against  small  changes  in 
usage  or  tactics  which  can  substantially  affect  exchange  rates  €uid  the  logistical  position 
for  the  engine.  As  a  result,  it  has  been  proposed  to  Increase  the  number  of  EUMS  aircraft 
on  the  Tornado  Fleet  to  60  (from  the  15  in  procurement)  so  that  each  group  of  aircraft 
has  10%  with  EUMS  fitted.  The  cost  of  retro-fitting  the  aircraft  will  be  recovered  in 
the  first  year's  full  saving  which  has  been  estimated  at  £3M.  The  total  saving  over 

the  remaining  life  of  the  aircraft  should  amount  to  some  £60M. 

The  first  RAF  aircraft  to  have  an  individual  engine  monitoring  system  (EMS)  will  be  the 
GR5  Harrier,  This  will  therefore  be  able  to  give  the  life  of  individual  components 
against  the  engine  usage.  The  RAF  has  insisted  that  the  llfing  with  the  EMS  should  be 

executive  from  the  Introduction  of  the  aircraft  to  service.  The  chfuiges  in  aircraft 

configuration  make  estimates  of  saving  against  the  equivalent  costs  for  the  GR3  Harrier 
an  \infair  comparison. 

6.  THE  CASE  FOR  RETRO-FIT 

The  cost  of  individual  health  monitoring  equipments  Is  comparatively  low.  Unfortunately, 
the  same  is  not  true  for  the  parallel  aircraft  modifications.  In  paragraph  4  the 
Rolls  Royce  cost  effectiveness  study  seems  to  have  considerable  benefits  available  from 
a  commitment  to  fitting  LCFC  or  an  EMS  but  a  return  on  investment  would  have  taken  many 
years.  Modification  of  a  large  fleet  of  aircraft  can  take  up  to  10  years  in  the  RAF 
and  this  does  not  include  the  approval  time  for  a  new  modification.  Any  life  calcu¬ 
lation  method  for  individual  engines  would  need  to  be  implemented  much  more  widely  to 
show  a  return  on  investment  and  attract  the  interest  of  military  financiers.  The  benefit 
for  a  retro-fit  of  part  of  the  Tornado  fleet  with  EUI^  has  been  coiiq>elling  for  2  reasons: 

a.  The  EUMS  modification  for  the  aircraft  already  exists  and  would  not  have  to  be 
subjected  to  an  approval  procedure  involving  other  Nations  in  the  Tornado  programme. 
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b.  There  are  a  number  of  aircraft  in  engineering  programmes »  including  major 
modification  that  could  have  the  SUMS  modification  embodied  within  a  reasonably 
short  timescale. 

Other  than  for  a  compelling  flight  safety  reason,  the  RAF  is  unlikely  to  retro^fit  a 
fleetwide  engine  monitoring  system.  This  has  only  occurred  once  in  the  RAF  and  that  was 
for  the  installation  of  the  LCFC  on  the  Red  Arrows  Aerobatic  Team,  this  is  discussed  in 
greater  detail  at  paragraph  3. 

7.  AERO-ENGINE  INFORMATION  MANAGEMENT 

The  high  cost  and  the  in-service  support  cost  of  the  Military  aero-engine  has  led  to  a 
need  for  a  system  of  management  for  engines  within  the  RAF.  The  disposition  and  service¬ 
ability  status  of  all  engines  and  modules  is  monitored  very  closely  by  the  Supply  Aero- 
Englne  Records  Office  (SARO)  at  MOD  Harrogate,  With  the  introduction  of  modular  aero¬ 
engines  the  amount  of  data  flowing  into  SARO  increased  dramatically,  to  the  point  where 
normal  telex  status  reporting  and  manual  input  were  slow,  manpower  intensive,  and  prone 
to  error.  The  modular  policy  generated  a  significant  increase  in  the  in-service  strip  and 
build  of  aero-engines,  and  modular  aer-o-engine  maintenance  documentation  was  also  found 
to  be  an  order  of  magnitude  greater  than  that  of  the  earlier  non-modular  types. 

Better  handling  of  increased  levels  of  engine  data  and  the  need  to  overcome  some  of  the 
high  paperwork  overheads  has  led  to  a  much  greater  use  of  computer  data  communications, 
the  close  management  of  engine  assets,  accompanied  by  the  use  of  sophisticated  math¬ 
ematical  modelling  of  spares  requirements,  ensures  that  whole-item  and  spares  purchases 
are  kept  to  an  absolute  minimum.  Much  of  the  data  for  the  management  process  is  captured 
daily  by  high-speed  data  links  and  now  development  is  underway  to  extend  the  on-line  data 
transfer  of  logistic,  usage  and  configuration  histories  between  the  RAF  and  industry. 

As  the  number  of  modular  engines  increases,  and  industrial  repair  and  overhaul  becomes 
subject  to  fixed  price  contracts,  there  is  a  greater  need  for  engine  data  by  industry. 
Future  engine  requirements  dictate  that  high  quality,  resilient  data  handling  networks 
should  exist. 

8.  NEW  AIRCRAFT  PROGRAMMES 

It  is  RAF  policy  to  fully  implement  condition  baaed  maintenance  and  include  the  provision 
for  EHM  within  the  EUCAMS  structure  for  all  future  aircraft.  There  are  a  number  of 
aircraft  coming  into  RAF  service  or  at  the  requirement  stage,  and  all  of  these  aircrafts 
have  engine  monitoring  requirements.  The  complexity  and  use  of  the  systems  varies 
depending  upon  the  specific  aircraft  and  role.  The  following  briefly  describes  the 
systems: 


a.  Tristar,  The  Tristar  in  RAF  service  has  a  system  called  the  Aircraft  Integrated 
Monitoring  System  (AIMS).  Working  continuously,  AIMS  records  flight  data  which  is 
processed  in  a  ground  computer  for  EHM,  auto  pilot  performance  and  aircraft  oper¬ 
ational  performance.  It  has  been  shown  that  LCF  calculation  and  automatic  exceedance 
detection  are  cost-effective  for  this  application. 

b.  BAe  146.  The  aircraft  of  the  Queen’s  Flight  are  fitted  with  the  Smith's  on¬ 
board  Engine  Life  Computer  (ELC).  Gas  path  performance  monitoring  of  the  aircraft 
engines  will  permit  on-condltion  monitoring.  The  ground-based  computer  for  storing 
ELC  data  will  eventually  be  used  for  lifing  critical  components  in  the  engine. 

c.  Harrier  GR5.  The  Harrier  GR5  Engine  Monitoring  System  (SMS)  uses  on-board 
processing  to  record  engine  usage.  Engine  parameter  limit  exceedances  are  auto¬ 
matically  Identified  and  recorded  in  a  solid  state  memory.  A  Data  Retrieval  Unit 
(DRU)  is  used  to  extract  engine  information  from  the  EMS  at  the  end  of  the  flying 
day.  Data  can  be  displayed  to  the  groundcrew  at  the  aircraft,  but  the  display  of 
trend  patterns  requires  the  support  of  a  ground-based  data  processor.  The  on-board 
system  has  a  performance  snap  shot  at  each  take-off  and  it  is  still  being  considered 
whether  automatic  diagnostic  routines  should  be  triggered  by  certain  exceedances. 

d.  Tucano.  The  Tucano  has  an  integrated  monitoring  system  for  its  systems  and  this 
includes  engine  information. 

e.  European  Fighter  Aircraft  (EFA).  The  requirement  for  engine  monitoring  in  EFA 
was  given  in  the  European  Staff  Requirement  (ESR)  for  the  aircraft.  The  EFA  system 
will  be  very  different  from  previous  systems,  but  the  experience  gained  during 

AST  603  and  the  Harrier  EMS  should  be  included  in  the  proposal  made  by  the  aircraft 
and  engine  supplier.  It  is  well  known  that  stress  levels  in  EFA  engine  components 
will  dictate  that  damage  tolerant  criteria  will  have  to  be  employed  for  lifing. 

This  dictates  some  of  the  recording  requirements  for  the  engines  since  an  accurate 
account  of  usage  is  required.  In  addition,  to  get  a  reduced  cost  of  ownership, 
there  should  be  a  comprehensive  condition  monitoring  progranmie  for  the  engine. 

f.  E3A-Sentry.  It  is  RAF  policy  to  maintain  the  E3A  engines  on  condition.  MOD 
staffs  are  in  the  latter  stages  of  negotiating  for  the  installation  of  a  suitable 
system  before  the  aircrafts  are  built. 

g.  EH-101.  The  requirement  for  the  EH-101  utility  version  Includes  statements  on 
the  inclusion  of  an  engine  monitoring  system. 
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9.  CONDITION  BASED  MAINTENANCE 

Tfiere  are  a  number  of  activities  that  can  be  carried  out  prior  to  service  entry  of  an 
engine  and  contribute  to  the  effective  maintenance  of  the  engine.  Such  activities  can 
contribute  to  the  effective  introduction  of  an  EHM  and  make  the  monitoring  system  credible 
with  our  experienced  tradesmen.  The  following  are  2  important  areas  for  action  by  engine 
suppliers: 

a.  Accelerated  Mission  Testing  (AMT)  and  Data  Base  Information.  The  RAF  has 
embraced  ENSIP  detailed  in  reference  3  and  the  testing  and  AMT  involved  with  the 
ENSIP  methodology  will  ensure  that  a  data  base  of  information  is  available  at 
service  entry.  Advantage  should  be  taken  of  this  information  to  compile  rules  to 
assist  the  diagnosis  of  probelms  for  early  flying.  If  the  operator  is  forced  to  use 
such  a  data  base  from  the  outset  of  a  new  programme  there  is  every  possibility  that 
the  methods  will  be  better  accepted  by  experienced  tradesmen. 

b.  Reduction  of  Manpower  and  Training.  Comprehensive  EHM  can  help  with  diagnosis 
and  reduce  the  time  spent  in  trouble-shooting  engine  problems.  Given  an  on-line 
transfer  system  for  information,  it  should  also  be  possible  to  create  an  instant 
update  of  diagnosis  information  at  the  operator's  level.  This  concept  requires 
training  in  the  facilities  available  and  their  use.  In  addition,  manufacturers  of 
engines  and  EHM  systems  should  allow  for  the  cultural  changes  in  maintenance  that 
such  developments  in  information  technology  imply.  Inevitably,  the  more  experienced 
technicians  will  be  more  used  to  traditional  maintenance  methods  and  they  may  not 
take  kindly  to  diagnosis  by  a  ground-based  computer.  Eventually  such  changes  will 
result  in  down-skilling  at  squadron  level. 

10.  CONCLUSION 

The  RAF  needs  EHM  to  help  to  improve  flight  safety,  enhance  aircraft  availability  and 
achieve  reduced  support  coats.  The  majority  of  the  UK  experience  in  EHM  has  been  based 
on  component  lifing  enhancement  and  this  has  been  the  area  in  which  the  majority  of  the 
cost  savings  have  been  achieved.  The  goals  of  a  programme  and  the  choice  of  equipment  are 
a  major  factor  in  any  return  on  Investment  that  is  possible  with  EHM.  For  aircraft  types 
that  are  already  in  service  it  has  been  shown  that  sampling  of  aircraft  usage  gives  the 
maximum  return  on  investment  due  to  the  cost  of  aircraft  fleet  modifications.  It  is  RAF 
policy  to  install  fleetwide  condition  monitoring  systems  for  engines  because  of  the  ease 
with  which  equipment  can  be  Installed  during  aircraft  build.  The  individual  lifing  of 
aircraft  parts  and  aero-engine  information  management  are  areas  in  which  the  RAF  is  now 
gaining  experience.  Aero-engine  information  is  a  topic  that  has  greater  scope  for 
development  due  to  the  need  for  the  creation  of  information  interfaces  between  the 
supplier  of  the  engine  and  engineering  and  logistic  agencies  within  the  service.  The  RAF 
is  embarking  upon  a  number  of  aircraft  programmes  which  include  a  variety  of  EHH 
equipments,  there  will  be  scope  for  reports  on  the  progress  of  these  programmes  over  the 
next  few  years.  It  will  be  necessary  to  monitor  the  programmes  to  ensure  that  the 
monitoring  technology  we  espouse  gives  the  required  return  on  investment  and  that  the 
methods  are  suitable  for  use  within  the  cultural  environment  of  the  RAF.  Training  and 
understanding  at  all  levels  within  organisational  maintenance  are  the  key  to  the  success 
of  condition  monitoring  leading  to  predictive  maintenance. 
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AMTtACT 


fha  papar  hlghlighta  currant  Canadian  Forcaa  (CF)  policy  with  raapact  to  aircraft  Knglna  Condition/ 
Saalth  Monitoring  (BCM/BRM).  In  doing  ao  a  auanary  of  CF  aircraft  typaa  and  tha  ECM/BItt  tachniquea 
appllad  to  aach  la  praaantad*  Tha  papar  rarlawa  tha  CF'a  axparianca  to  data  with  tha  daaalopMant  and 
application  of  BCH/BB(  tachniquaa.  Thia  inciudaa  an  axanlnation  of  tha  affactlvanaaa  of  tha  CF'a 
Spactroaatrie  Oil  Analyaia  Frogran  and  tha  uaa  of  nagnatlc  particla  datactora  and  oanual  parfomanca 
trandlng. 

Tha  papar  goaa  on  to  praaant  plana  for  furthar  daaalopaant  and  inplaoantatlon  of  policy,  nathodologlaa 
and  tachniquaa  and  for  tha  intagratlon  of  thaaa  into  an  affaetiwa  BCM/KHM  capability  that  will  pay  hana- 
flta  both  in  tama  of  Ufa  eyela  eoata  and  opamtlonal  availability. 

imoDocnoii 


Bnglna  flaalth  Monitoring  (EBM)  la  daflnad  aa  tha  eollaetlon,  analyaia  and  uaa  of  nany  typaa  of  data 
ralavant  to  tha  nachanleal  or  tharaodynamic  haalth  of  an  angina  which  will  aaalat  In  Ita  oparationa, 
•aintananea,  aanaganant,  daaign.  aafaty  and  loglatica.  In  tha  Canadian  Forcaa  (CF)  tha  cuatoa  haa  baan 
to  uaa  BHN  rachar  than  Bnglna  Condition  Monitoring  (EGM)  to  labal  thia  dlaclplina.  Tha  aeronyn  EAf  la 
uaad  In  thia  papar  in  tha  aanaa  daflnad  abora  and  doaa  not  rapraaant  any  apaclfle  raeogniaad  angina 
■onltoring  progran. 

Tha  concapt  of  EMM  la  dlraetly  ralatad  to  tha  aalntananea  raqulranant  of  an  aaroapaca  propulaloo  ayatan. 
Iti  origin  daeaa  ao  far  back  aa  tha  platoo  anglaa  ara  and  Ito  avolutlon  haa  nalnly  patallalad  advanca- 
•anta  In  tha  fiald  of  tha  gaa  turblna  angina  (1).  Military  EBM  prograaa  hava  baan  pacad  latgaly  by 
eooparatlva  davalopaant  prograno  batwaan  tha  US  and  UK  nllltary  oparatora  and  tha  angina  nanufacturara. 
In  Canada,  EDI  haa  baan  an  alanent  of  aircraft  naintananca  for  oona  thraa  dacadaa  concant rating,  until 
racantly,  on  a  abort  tan  aonltorlng  approach,  ualng  United  aanl-autonatad  and  nanual  nonltorlng 
tachniquaa  (2). 

With  tha  astanalon  of  tha  aarvlea  Ufa  of  anny  of  ita  aircraft  flaata  and  tha  prograaaiva  laplanantatlon 
of  tha  eoncapta  of  On*K;onditloo  Halotananea  (OCN),  the  CF  haa  baan  anploring  new  nonltorlng  approachaa 
through  raaaarch  and  davalopnant  (KAD)^  In  tha  flalda  of  EHM  and  angina  lift  uaaga  nanaganant.  Tha  CF 
la  praaantly  oponaoring  RAD  afforta  in  tha  field  of  on-lina  oil  nonltorlng,  ▼ibratlon  analyaia  and  other 
angina  nonltorlng  tachniquaa  to  gain  tha  required  kaovladga  and  axpartlaa  to  face  tha  years  ahead* 
Furtbamora,  EM  actlvlttaa  will  Ineraaaa  with  tha  procuranaot  of  new  ahlpboma,  transport.  Search  and 
Raaeua  (EAR)  and  light  hallcoptara.  Tha  Raw  ntlpboma  Aircraft  (USA)  progran  haa  already  taken  a  lead 
throu^  Ita  raqulranant  apacifleatlon  (3),  Tha  apaclflcatlon  calla  for  a  condition  nonltorlng  progran 
to  provide  the  naeaaaary  aupport  to  affaeclvaly  naka  rational  daclalona  with  raapact  to  flight  aafaty, 
pravantlva  and  corrective  naintananca,  Ufa  cycle  naintananca  and  logistic  support. 

This  papar  raporta  on  the  praaant  CF  pollclaa  ralatad  to  EBM,  and  tha  effactlvanaaa  of  currant  EBf 
tachniquaa  an  appllad  to  CF  aircraft  anglnaa.  Tha  papar  alao  looks  at  tha  future  of  EBM  In  tha  CF 
concentrating  on  tha  on-golng  lAD  prograna  and  future  pollclaa. 

CPtllirr  CAKADIAB  FORCES  POLICIES  EEUTED  TO  EHM 


Tha  CF  Aircraft  Malntananca  Folley  la  daflnad  at  rafaranea  (A).  Praaant  EBM  pollclaa  ara  tachniquaa 
apaclfle  and  addraaa  apactronntrlc  oil  analyaia  (3)  and  non^aatructlva  taatlng  (6).  A  future  vibration 
analyaia  policy  la  praaantly  undergoing  ravtaw.  Tachniquaa  such  aa  ''liter  dabrla  analyaia,  parfomanca 
trandlng*  nagnatlc  particle  detection  and  tone  othara  have  baan  uaad  on  a  raqulranant  baala,  uaually  at 
tha  meo— inAatlon  of  tha  angina  nnnufactnrar,  hot  their  uaa  haa  yet  to  be  eovarad  by  fomal  pollclaa. 
Tha  najof  factor  having  lad  to  this  aituation  haa  been  tha  large  variety  of  angina  tsrpaa  In  tha  CF 
Inventory  (sea  Table  1)  and  tha  naintananca  incept  aaployad  with  than. 


1  Thia  BAD  haa  been  oondnctad  prlanrlly  through  tha  Batlonal  Raaaarch  Council  of  Canada  (RIOC)  with 
apaeiallat  aupport  fron  GaaTOPS  Ltd.  Funding  for  RAD  afforta,  ainca  1982,  haa  baan  provided  through 
tha  Dapartnant  of  Rational  Dafaoca'a  (DWa)  Chief  of  Raaaarch  nd  Oavalopnant* 
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k  BUBb«r  of  do^lopaonte  tiovo  lod  to  tho  toqulroMBt  Co  ootobltoh  on  ovoroll  BHM  policy  for  tho  CP  which 
would  ollwiluto  cho  frogwotttod  opprooeh  uood  to  doto.  First,  tho  Croud  towards  oxCondlns  clat  botwoon 
ovorhaul  for  old  onglfios  as  wall  as  tha  Introduetloo  of  OCM  as  a  sslBCaasoco  coBcspt  for  now  sBglBss  Ims 
•ado  EBl  a  kay  ■slotonsacs  support  factor  for  eotlo*  1^1^*  cyclo  •aBagors.  Socood,  tho  USA  powsrplaot 
■slatoosBco  eoBcopt  will  roly  qb  aa  adrsBcod  haslth  soBltorlBg  prograa  which  Is  prosoBtly  la  cho  doflal- 
tlOB  phaso.  This  EBl  prograw  will  forw  tha  basis  for  othor  acqulsltloB  projocts  and  will  roqulre  tha  CP 
to  foraallso  and  iBtograta  Its  ^proach  to  BBI.  Third,  tho  CP  Is  prosoBtly  ravlslog  the  long  tarw  plan 
for  tho  Aoroapaeo  Nalntonaaeo  DooolopaoBt  Dale  (iMDO)  which  will  ostabllsh  at  tha  unit  a  CP  center  of 
oaportlso  la  EBH.  Part  of  AMDO'a  prooeat  tasks  are  to  dawelop  ceehalques  and  procedures  for  EHM,  assess 
those  dowolopod  by  coatractors,  aad  proolde  trainlag  la  those  ceehalques.  In  Its  expanded  role  AMDD 
will  lapart  the  bnowledgo  gained  through  ouch  actloltles  to  the  field  units.  They  will  also  develop  the 
■ethodologles  and  procedures  to  ensure  EBl  la  successfully  applied  In  the  field. 

EBl  developwont  progcaas  are  aonltored  at  National  Defence  Headquarters  through  a  Propulalon  Working 
Group.  This  working  group  is  presently  defining  an  EBl  policy  to  becoae  aa  integral  part  of  the  CP 
engine  life  cycle  aaaageaent. 

EPPBCTIVENESS  OP  CURkENT  EHH  TECHNIQUES 
USED  IN  THE  CANADIAN  FORCES _ _ 


Tho  effectlvoaesa  of  present  EHM  techniques  has  been  analysed  through  engine  data  obtained  froa  engine 
life  cycle  aacerlal  aanagera,  the  AMDO,  flight  safety  records  and  Che  CP  Aircraft  Halntenance  ManagMent 
laforaatloa  Systea. 

og  MONITORING  TECHNIQUES 

Spectroaetrlc  Oil  Analysis 

Spectroaetrlc  Oil  Analysis  (SOA)  la  carried  out  on  36  different  aircraft  coaponent  types,  15  of  idilch 
are  engines.  Tha  technique  consists  of  taking  oil  aaaples  periodically  for  analysis  at  an  area  SOA 
laboratory.  In  Che  CP  there  are  eight  SOA  laboratories;  one  In  Geraany  and  seven  located  across  Canada. 
These  laboratories  carry  out  the  analysis  of  soae  30,000  oil  aaaples  a  year.  Atonic  Bnlsslon  (AB) 
spectroaetry  la  used  to  analyse  the  oil;  10  eleasats  are  asasured  slaultaneously  and  Che  wear  aetal 
levels  are  given  In  parts  per  allllon  for  each  eleaent. 

This  technique  provides  quantitative  Infomatlon  on  the  aaount  of  the  different  wear  netals  In  the  oil 
which  allows  the  Identification  of  abnomal  wear.  Also,  knowing  the  astsrlal  eoaposltlon  of  each 
englae'i  oil  wetted  ooaponents  uaually  peralts  the  identification  of  the  faulty  coaponent.  the 
technique  Is  Halted  by  the  particle  else  produced,  failure  node,  filter  alas,  and  engine  design. 

Because  AB  spectroaetry  only  has  a  good  responss  to  particles  up  to  five  alcrons  In  else,  any  larger 
particle  produced  will  not  be  asasured  accurately.  Thus  SOA  is  not  affective  In  cases  of  failure  by 
fatigue  which  usually  produces  large  flakes.  The  use  of  very  fine  and  affective  filtration  systsaa  In 
new  engine  designs  Is  a  aajor  llaltatioo  for  SOA  because  alaost  all  particles  produced  due  to  abnoraal 
wear  or  failure  are  reaoved  on  the  first  pass  through  the  filter  leaving  little  wear  debris  In  the  oil. 
the  effectiveness  of  the  CP  SOA  progrea  has  been  quantified  la  two  different  ways.  The  first  consists 
of  calculating  the  proportion  of  SOA  recoaaendatlons  conflraed  by  a  failure  or  abnoraal  wear.  The 
second  consists  of  calculating  the  proportion  of  failures  Involving  oil  vetted  coaponents  for  which 
there  was  a  SOA  indication. 

Using  the  data  produced  by  AKDU  in  the  last  five  annual  SOA  prograa  reports  froa  1982  to  1986  Inclusive, 
it  was  deteraloed  that  90X  of  all  the  SOAs  recoaaendlng  corrective  aalntenance  action  on  engines  were 
conflraed  cases  of  significant  coaponent  degradation.  If  the  data  froa  the  other  coaponent  types,  le, 
gearbox,  accessory  drive,  APU,  etc,  are  Included,  the  proportion  dropped  to  84X.  These  nuabers  Indicate 
that  the  SOA  recoMeadatloaa  are  reliable. 

The  records  on  four  types  of  eaglnes  aad  two  ^arboxes  have  been  reviewed  to  assess  the  proportion  of 
failures  where  SOA  Indicated  a  problea.  The  results  are  provided  in  Table  2.  The  study  shows  that  SOA 
effectiveness  Is  dependent  oa  engine  design,  filter  else  and  failure  node.  For  the  Cr-64  and  T-400 

engines  It  Is  to  be  noted  that  there  Is  a  coaaoo  oil  systea  for  the  gearbox  and  engine.  This  reduces 

the  apparent  effectiveness  of  SOA  for  these  engines  because  the  exact  location  of  the  faulty  coaponent 
becoaee  aore  difficult  to  determine.  This  results  In  having  both  coaponents  reaoved  and  sent  to  the 
contractor  for  Investigation  and/or  repair.  For  the  T-SS  and  T*-56  engines,  the  relatively  good  SOA 
effectiveness  is  aslnly  due  to  the  oil  filter  else  which  Is  large  enough  to  leave  sufficient  wear  debris 
la  the  oil.  Due  to  the  periodic  nature  of  SOA  prograa  saapllng,  rapidly  developing  failures  can  proceed 
to  the  point  of  detection  by  other  aeans  in  the  period  between  saaples. 

Magnetic  Particle  Detectors 

Magnetic  Particle  Detectors  (MPOs),  which  Include  both  negnetlc  and  electric  types,  are  in  Me  within 
the  CP  la  several  different  types  of  engines  aad  have  performed  with  various  degrees  of  effectiveness. 
Depending  oa  the  aircraft  type  aad  englae  configuration,  MPDs  can  be  l./ceted  In  the  naln  power  section 

oil  return  line,  tha  reduction  gearbox  or  aala  tMiwalssloa  systea.  The  systea  aay  have  a  warning  light 

la  the  cockpit  or  any  provide  a  wamlag  ladlcatloa  through  a  continuity  check  done  oa  the  ground.  The 
periodicity  of  this  cheek  varies  froa  once  each  fll^t  to  evety  hundred  hours. 

MPDs  have  been  useful  In  detecting  the  Initial  stages  of  Internal  breakdown  of  gears,  bearings  aad  other 
oil-wetted  coaponents.  They  have,  however,  been  susceptible  to  false  alaras  caused  ^  a  build-up  of 
noraal  wear  astal  across  the  detector  or  by  electrical  aslfunctlons.  In  certain  aircraft  types,  special 
pilot-activated  "fussbusters*  have  been  used  to  bum  off  noa-crltlcal  sited  wear  netals  thereby  reccing 
the  nuaber  of  false  alaras. 


4-3 


n*  r««ulc«  of  •  llaltod  study  on  MPOs  usnd  in  CF  slrcrnft  U  rnyortnd  In  Tsblo  3.  Sono  ohnurunttonn  on 
thnnn  nrn  u  follono: 

MPD  nuccnnn  ratnn  vnry  uldnly  dnynading  on  chn  dn^netor  locntion  and  uhnthnr  or  not  it  to 
o^lppnd  with  «  funibuntor.  For  naonFln*  Chn  Oil35  TMn  Buoy  bnlteoFtor  hno  ■  uory  low 
dotoctlon  nuccoao  rata  for  tha  antina  (19Z)  but  a  ralatiaaly  blgh  auceaaa  rata  for  tha  gaarbor 
(66X).  A  protocypa  fuaabaatar  baa  abown  tba  potaotlal  for  a  algnif leant  raductlon  In  tha 
falaa  alam  rata  for  thia  aircraft. 

b.  For  thoaa  aircraft  for  lAiieh  thara  bara  baaa  faw  oceurrancaa,  tba  ararata  auccaaa  rata  la  60Z. 
Ad  axcaptloo  to  thia  ia  tha  CH124A  Saa  King  hallcoptar*  which  avaa  thou^  it  ia  aquippad  with 
a  fuasbMtar»  haa  axparlanead  only  an  avarafa  auccaaa  rata.  Thia  can  ba  attributod  in  part  to 
axcaaaitraly  largo  fuai  aaaoelatad  with  tha  braaklng  in  of  tha  now  trananlaalon. 

c*  In  halieoptara  aueh  an  tha  CRli3A  labrador,  and  CBllS  Iroquola  (Single  Hnay),  idiara  thara  la 
alraady  a  vary  low  occurranea  rata,  tba  aalua  of  inatallint  •  "futtbuatar”  la  quaatlonabla. 

For  fixed  wiog  aircraft,  WOs  haaa  bean  uaad  without  a  «>ekplt  indicator  (axeapt  for  the  CP140  Aurora) 
and  have  proven  to  ba  a  alnpla  and  affactlva  nalntananca  tool. 

In  aunnary,  IVDa  have  played  an  inportant  role  in  pravantiva  nalntananca  and  hava  contrlbutad  graatly  to 
tha  flight  aafaty  of  CF  aircraft.  They  ham  baaa  uaaful  for  datacting  gearbox  and  angina  problena,  and 
hava  bean  alloyed  in  con^netloo  with  cockpit  indicatora  in  all  CF  halleopter  typaa.  In  general  thalr 
affactivanaae  haa  Inprovod  whan  uaad  in  conjunction  with  a  fuatbuatar. 

Vibration  Monitoring 

Vibration  lavals  have  traditionally  bean  aaan  aa  a  naaaura  of  tha  nachanlcal  health  of  a  nachlne. 
Vibration  Honltorlng  (VM)  la  carried  out  on  a  linltad  nunber  of  CF  turbo- Jet  and  turbo-fan  anglnaa. 
Konltora  provide  contlnuoua  raadouta  of  vibration  at  aalactad  plck-np  polnta.  Thaae  aonltora  are  read 
periodically  during  flighta  and  the  vibration  lavala  trended  and/or  conparad  to  aatabltahad  Unite.  Tha 
application  of  vibration  aonltorlng  on  tha  CP  anglnaa  la  apaclflc  to  each  angina  type  both  la  flight  or 
in  the  teat  call. 

On  tha  F404  engine  only  one  accalarowetar  par  angina  ia  uaad  for  In-flight  aonltorlng  while  ^raa  are 
uaad  In  tha  teat  call.  In  flight,  the  acealaroaatar  ia  conatantly  and  automatically  aonltorad  by  tha 
In-flight  Engine  Condition  Honltorlng  Syataa  (IBCMS).  If  tha  pradetarnlnad  liult  la  axcaadad,  there  la 
a  maintananca  coda  produced  for  tha  flight  line  technician*#  use.  To  date  tha  ayataw  haa  not  functioned 
up  to  axpactatlooa.  Vhan  thara  la  a  vibration  limit  axeeadnoea,  It  nuat  ba  corroborated  by  tha  pilot  or 
another  related  malfunction  Indication  before  eoy  maintaoanca  action  ia  undartakan.  Tha  angina  la  than 
removed  and  aant  to  tha  teat  call  for  confirmation  and/or  trouhlaahooting.  To  data,  none  of  tha  anglnaa 
removed  bacauaa  of  In-f light  vibration  level  axcaadanca  hava  bean  rejected  whan  taatad  In  tha  teat  call. 
Vibration  aonltorlng  haa  not  lad  to  auhatantial  raaulta  In  datacting  mechanleal  degradation  on  tha 
F404. 

On  tha  JT30  angina,  tha  application  la  aomawhat  dlffaraot.  Thara  are  two  valoelmatara  on  each  angina 
with  aonltora  in  tha  cockpit  that  are  obaarvad  periodically  during  flight  to  detect  aignlfleant  vibra¬ 
tion  changaa.  Tha  raadinga  are  taken  at  stabiliaad  thruat  aattlnga  and  trended*  Ho  apadfiad  llmita 
are  provided.  If,  at  any  tine,  with  a  atabilliad  thruat  aattlng,  a  rapid  Increase  In  vibration  level 
and  other  abnomal  angina  Indlcatlona  are  obaarvad,  tha  thruat  of  tha  affected  anglnaa  nnat  ba  reduced. 
If  the  thruat  raductlon  doaa  not  return  tha  vibration  level  to  tha  previous  value  or  if  angina  abnomal- 
itlaa  peralat,  tha  angina  la  shut  down.  To  data,  hoimvar,  no  angina  ranovala  hava  baaa  tha  direct 
result  of  in-flight  vibtntloo  Indications.  Tha  problan  noat  often  haa  been  found  in  tha  nonltorlng 
syataa  Itaalf. 

Vibration  Analyaia 


Vibration  Analyaia  (VA)  vaa  introduced  in  tha  air  alamant  of  tba  CF  aa  a  diagnostic  tool  for  angina 
prohlaaa  in  the  lata  70's.  Vhila  contlnuoua  vibration  monitoring  m^  ba  uaad  to  lodlcata  ganaral 
machine  condition,  through  a  frequency  content  analyaia  of  vibration  aignala  it  la  poaalbla  to  laolata  a 
troublaaoma  eo^Moant.  Haas  labalancaa  eauaad  by  FOD  damage,  blade  loss  or  bearing  failure  can  ba 
dataetad  by  properly  mounted  tranaducara.  Laaaar  damage  aueh  aa  mlaslignmant  or  datarloratlon  of  bear¬ 
ing  condition  nay  ^ao  ba  uncovered.  Tha  technique  w«a  suecaaaful  in  aolvlng  dynamic  and  angina 
problems  on  tha  CHlk4A  and  (mi3A  on  maaroua  oceaaiona  as  reported  by  Dubd  (7)* 

CF  axparianca  haa  indicated  that  tha  hardware  technology  used  in  VN/VA  la  not  yat  rallabla  aoough  to  bo 
an  affective  tool,  and  secondly,  tha  rataotion  of  kaowladgaabla  and  axparlancad  tachalciaoa  to  interpret 
VM/VA  raaulta  oorractly  la  vaiy  difficult. 

Parfomanca  Trandina 

It  ia  recognised  that  tha  parfocmanea  of  gas  tnrbina  anglnaa  deeraaaaa  with  tha  accumulation  of  operat¬ 
ing  hours  due  for  axampla  to  aroaion  and  fooling.  The  CF  haa  four  angina  types  on  whldt  trending  ia 
carried  out. 

Tha  T400-CP-400  angina  on  the  CB135  TWin  Bnay  helienptar  haa  a  pawar  aaaursnea  diaek  carried  ont  before 
tha  first  flight  of  oaeh  day  during  which  Rq  amd  ITT  ora  raeord«»d*  Oalng  thaao  data,  oagiM  bay 
paraonnal  produce  a  trend  chart  that  ia  maintained  an  long  aa  the  angloa  la  Inatallad  ia  tha  aircraft. 

By  monlterlng  thia  diart,  it  haa  bean  poaalbla  to  datoct  whan  a  eompraaaer  weah  or  hot  aoetloa  Inapac- 
tion  ia  required. 


SiallArlyt  for  tiio  PTiA~27  ooglM  to  tho  0C13S  Twin  Ottor  olrcrafe,  ITT,  and  II|f  aro  raeordad 
la  fll^e  bf  eha  flicke  aaglaoor«  Tbaaa  flfuraa  am  radoead  and  co^utad  bf  tha  aalntanaaca  control  and 
raeorda  aaetion  abo  than  prodoca  trand  diarta  for  thaaa  par*ax*ra*  Fraa  thla  laforaatlon  It  haa  baan 
poaalbla  to  eonflm  aaeb  faalta  an  dirty  eoapraaaora,  hlaad  aalaa  Irrofularltlaa,  FOD-danagad  coapraa- 
aora,  hot  aaetion  problaaa  and  dirty  AmI  noaslaa  ahlch  had  baan  originally  datactad  by  otbar  aaana* 

Tha  JT31^7  angina  la  tha  Inning  707  haa  four  dlffamnt  pamnatara,  R2*  meordad  la 

flight.  Thaaa  data  ara  plottad  on  trand  eharta  hf  angina  bay  paraonnal  and  than  fonrardad  to  Pratt  aad 
Whltnay  Canada  for  Intarpratatlon.  Howaaar,  thara  haa  oftan  bma  littla  or  no  faadback  to  tha  angina 
bay  paraonnal  to  aaalat  than  In  angioa  diagnoatlca* 

Tha  CF-18  Bomat  haa  tha  capability  to  meord  13  angina  paraaatara  contlnuoualy  to  a  nagnatlc  tapa 
cartrldga.  Tha  data  froa  thaaa  tapaa  fom  tha  aaj^  contribotion  to  tha  F404  trending  progran  which  la 
currently  under  dawalopnant.^  A  prototjrpa  of  thin  trending  progran  waa  trialed  In  the  field  froa  1985 
to  1967.  It  Inwolaad  parfomaaea  teat  ground  runa  aaary  25  flying  houra.  Parfomanca  data  ware 
naaaurad  In  a  apaelfle  data  capture  window  baaed  on  tha  angina  praaaura  ratio.  Thla  approach  waa 
abandoned  for  two  reaaona.  Flrat,  the  proceaa  of  down*>loadlng  data  fron  tha  tapa  and  procaaalng  then 
waa  eurtaraona.  Second,  the  coat  la  nao'-houra  aad  aircraft  downtlna  aaaoclatad  with  tha  fmquent 
groaad-*runa  waa  algnlf leant. 

In  aunnary,  tha  CF  asparleace  with  tha  application  of  axlating  BRH  tachnlquea  haa  baan  nixed.  Thin  baa 
bean  due  to  tha  conplaxlty  of  aona  of  the  tachnlquea  aad  tha  difficulty  in  providing  well  trained, 
experienced  technielana  to  apply  the  tachnlquea.  Aa  wail,  a  general  policy  providing  direeCion  to  the 
field  and  the  identification  of  reaoureea  required  haa  been  lacking. 

LOOKIWC  AHKAD 

Thla  part  of  the  paper  looka  ahead  at  EHM  fron  a  CF  viewpoint.  The  atatue  of  the  preeent  R&D  progran  ia 
reported  along  with  aona  projectiona  of  future  appllcationa. 

OW-OOIIIS  CKVBLOPHEKT 


On-Line  Wear  Debtla  Monitor  Tenting 

DND  la  involved  in  a  tenting  progran  of  an  on-line  wear  dabria  nonitor  noon  to  be  Inatalled  on  two 
ecus  Buffalo  aircraft.  Thla  device,  called  Ferroacan<B),  waa  developed  by  Atonic  Energy  of  Canada  Ltd 
(AECL)  for  detemlnlng  the  concentration  of  auapended  ferronagnetic  particulate  naterlal  In  CANDU 
reactor  heat  tranaport  ayateno  (8).  DliD  haa  alnce  funded  work  by  AECL  oriented  towarda  tha  nodlficatlon 
of  the  device  no  that  It  nay  be  uaed  to  naaaure  ferronagnetic  wear  dabria  In  the  lubrication  ayatena  of 
propulalon  englnea.  Thla  device  provldea  contlnuoua  quantitative  output  aa  well  aa  a  wide  detaetlon 
range  of  particle  alae  fron  lean  than  one  nicron  to  greeter  than  1,000  nicrona.  Conaequently,  tha 
gradual  deterioration  of  oil  wetted  conponente  can  be  nonltored  and  nalntenance  planned  accordingly. 

Ferroacan(k)  haa  been  aucceaafully  teated  oo  a  helicopter  tall  rotor  gearbox  and  on  a  T-56  engine 
nounted  In  an  engine  teat  cell  (9).  A  flight  trial  on  the  Buffalo  aircraft  with  ita  CT64  engines  la 
about  to  gat  underway*  It  ia  acheduled  to  laat  four  nootha  during  which  tine  data  will  be  gathered  by 
an  on  board  nlcro-controller.  Thla  data  will  be  compered  with  date  dertvedl  fron  other  currently  uaed 
oil  and  dabria  nooltorlng  tachnlquea  In  order  to  eaaeea  ita  accuracy  aad  reliability. 

Filter  Debrta  Analyela 

Aa  flltar  nsah  aisea  bacone  analler,  aethoda  auch  aa  SOA  and  ferrography  ara  expected  to  beconc  leaa 
useful.  Conaequently.  In  addition  to  on-line  wear  dabria  nonltorlag,  Flltar  Dabria  Analyaia  (FDA)  la 
anticipated  to  become  increaatngly  iaportant  In  CF  EHM.  DtiD  aclentlata  have  been  conducting  extenalve 
reeearch  Into  the  uee  of  FDA  aa  a  method  of  determining  wear  ratea  of  oil  watted  conponente.  In  parti¬ 
cular,  nathods  for  datemlnlng  tha  exact  couatituenta  In  tha  wear  dabria  collactad  on  flltera  ara  being 
developed  end  teated.  For  example,  a  data  base  la  being  eatebllahed  for  the  F404  and  CT-64  to  allow 
corralatlona  between  FDA  detemlned  oil  debrle  conatituenta  and  the  condition  of  vertoua  olL^retted 
conponanta.  A  almllar  Initiative  for  the  CB124A  See  King  engine  end  trenenlaslon  ia  preaently  under¬ 
way. 

SOA  Applications 

Although  the  overall  axperlanca  with  SOA  haa  baan  nixed,  tha  CF  la  oontinulog  to  develop  aad  enhance  Ita 
SOA  progran  for  thoae  angloea  and  conpoaeota  where  SOA  haa  denonatratad  to  be  affective.  For  example, 
Spectroil  Jwnlor(B)  portable  enlaalon  spactronetera  ara  being  Introduced  Into  service  to  aupport  air¬ 
craft  auch  aa  the  CB124A  See  King  helicopter  during  deployed  operetiona.  Thla  device  ia  used  for 
on-aita  oil  analyaia  of  up  to  10  dlffarant  waar  natala  alnultancoualy.  However,  on-llna  wear  debrla 
nonitors  threaten  to  replace  SOA  ea  the  optlnun  oil  nonltorlng  technique  for  neqy  englnea  and  conponanta 
ainca  95X  of  tha  total  dabria  In  nany  caaea  ia  farronagnatlc.  SOA  will  llkaly  continue  to  be  relied 
upon  for  tha  oil  monitoring  of  conponanta  ^ere  there  le  e  high  probeblllty  of  non-ferroua  weer  debris 
being  produced. 

Vibration  Analyaia 

A  project  Investigating  tha  use  of  VA  for  diagnosing  angina  problana  la  being  conducted  et  HKGC.  NHOC 
staff  am  evaluating  the  uaa  of  curmntly  available  ayatena  for  VA.  Vartoua  algnal  conditioning  and 
data  handling  natboda  will  alao  ba  davaloped  in  collaboration  with  Induatrlal  partnara.  (hirmnt  work  la 
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oriented  towerde  Ideatlfieetion  of  the  vlbretlon  elgneturee  eeeoeleted  with  epeclflc  engine  feulte.  In 
pertleulnr,  theee  fault  elgneturee  arc  being  eharacterleed  throuih  *  proceee  of  Introducing  eeeded 
feulte  in  teet  rig  etudiee  end  on  the  TS6  end  P404  enginee.  Anong  other  phenonena,  rotor  Inbelence  end 
bearing  deaege  effecta  will  be  inveetigeted.  In  addition*  further  enelyaie  of  elgnel  conditioning  end 
anelyele  Betbode  la  being  carried  out  including  dei^lopaenta  which  ahould  nake  poaalble  the  iaolatloo  of 
actual  nechaaical  feulte  froa  wibration  data*  Plnally*  a  prototype  ayatea*  appropriate  for  field  eppll- 
cation,  will  be  deaonatrated. 

Perforaance  Trending 


NRCC  ataff  are  exaalning  the  efficacy  of  varioue  gee  turbine  engine  GPA  technlquea  ea  they  relate  to 
theraodynaalc  perforaance  and  fault  dlagnoale.  It  la  Intended  to  eatabllah  dlagnoetic  algorlthaa  baaed 
u^^on  a  library  of  fault  elgneturee  to  be  eetabliahed  experiaentally  (through  iaplantatlon  of  specific 
engine  faults).  In  this  way,  it  la  hoped  to  be  able  to  develop  coaputer  slaulatlons  of  both  healthy  and 
probleaatlc  enginee.  Currently,  work  underway  ia  aiaed  at  deteralnlng  the  changes  In  theraodynaalc 
perforaance  of  an  engine  as  a  result  of  specific  faults.  The  experiaental  studies  will  make  use  of  the 
P404,  T56  and  J8S  engines  currently  at  the  KRCC  Engine  Laboratory. 

NRCC  ataff  are  alao  conducting  an  exanlnatloo  of  experiaental  perforaance  assessaent  techniques  as  they 
relate  to  the  aforeaentloned  study.  It  la  hoped  that  a  aore  precise  deterainatlon  of  aeasureaent 
accuracy  in  basic  Inatruaentation  as  well  as  the  developaent  of  aore  autoaated  test  cell  equipaent  will 
be  achieved.  Generally,  this  project  ia  alao  aiaed  towards  developing  aore  accurate  and  reliable 
sensors  and  tear:  aethods,  in  particular  non-intrualve  sensor  technlquea.  It  Is  also  NRCC's  intention  to 
Investigate  better  aethods  of  data  acquisition  and  calibration  of  equipaent.  Application  will  initially 
be  on  engines  installed  in  test  cells  and  eventually  on  enginee  Installed  in  aircraft.  The  Investiga¬ 
tions  are  focussed  aoatly  on  steady  state  operation  with  soae  work  on  transient  data  analysis  as  well. 

In  the  future  there  will  be  an  increasing  eaphaaia  on  the  use  of  data  collected  during  transient  operat¬ 
ing  condition  found  in  actual  operation  while  continuing  to  work  with  steady  state  data  as  well. 

Expert  Systeaa  applied  to  Engine  Monitoring 

With  the  support  of  DND,  NRCC  ia  in  the  first  year  of  a  three  year  project  to  develop,  deaonstrate  and 

evaluate  the  use  of  knowledge-baaed  and  expert  system  for  fault  diagnosis.  A  technology  deaonstratlon 

of  a  system  for  use  with  the  J8S  engine  is  slated  in  December  1988;  the  application  will  be  for  the 
troubleshooting  of  engine  faults  during  functional  and  perforaance  tests.  In  the  second  year,  the 
methodology  and  applications  will  be  generalised  for  other  BHM  cases.  The  third  year  will  see  the 
application  and  evaluation  of  aore  advanced  artificial  intelligence  and  information  processing  technol¬ 
ogy.  The  e^)haala  will  be  to  develop  packages  which  could  integrate  the  diverse  and  complex  diagnostic 
aethods  and  fault  characteriaatione  of  the  new  ERM  techniques,  deecrlbed  previously.  Such  packages 
would  be  aiaed  at  field  operations  in  both  training  and  actual  maintenance. 

CP5/J8S  Loads  and  Engine  Health  Monitor 

DND  ia  funding  the  developaent  of  an  on-board  Loads  and  Engine  Health  Monitor  (LEHM)  for  the  CF5  air¬ 
craft.  This  systea  will  include  both  EHM  and  structural  condition  monitoring  (as  well  as  Inforaatlon 

collection  required  for  possible  future  parte  life  tracking  developaent)  and  is  intended  to  eventually 

be  applicable  to  several  aircraft  in  the  flghter/traioer  category.  Proa  an  engine  perspective,  this 
work  was  initiated  primarily  to  monitor  the  paraaeters  relevant  to  understanding  the  J85-CAM-15  engine's 
stall  propensity.  It  is  currently  planned  that  thle  package  will  gather  data  and  flag  exceedances  only 
and  that  further  fault  detection  and  isolation  will  be  carried  out  by  ground-based  software. 

Leigh  Instruaenta  Inc  ware  contracted  by  DND  to  define  the  requirement  specifications  for  the  LEHM 
systea.  This  work  was  completed  in  late  1987  and  le  now  to  be  followed  by  the  developaent  of  a  proto¬ 
type  syetea.  It  la  anticipated  that  the  prototype  eyetea  will  then  be  installed  on  a  test  aircraft  at 
the  CP's  Aerospace  Engineering  end  Teet  Eetabllehaent  early  in  1989  for  flight  and  ground  testing.  If 
the  test  end  evaluation  program  prove  to  be  eetlsfectory  the  CP  plans  to  initiate  production  of  these 
units  for  fleet-wide  inetallaclon  in  late  1989.  The  CPS  Preedom  Plghter,  CT133  Silver  Star  and  CT144 
Tutor  are  the  most  likely  aircraft  to  eventually  see  installation  of  this  systea. 

P404  Engine  Peult  Dlegnosis  and  Performance  Trending  Procedures 

GasTOPS  Ud,  under  DND  contract,  is  working  to  establish  three  iaproved  software  tools  designed  for  use 
in  the  field.  The  tools  concern  IECN8  troubleshooting.  Engine  Teet  Peclllty  (ETP)  troubleshooting  and 
data  trending.  A  fault  library  is  a  basic  pert  of  the  lECNS  end  ETP  troubleshooting  software.  The  date 
for  the  building  of  this  fault  library  are  being  obtained  from  NRCC  and  ere  the  result  of  their  work 
noted  in  the  section  above  on  perforaance  trending. 

P404  In-flight  Real  Time  Thrust  Recorder  Systea 

Co^uting  Davlees  of  Ganade  (COC)  Lt*  has  been  contracted  to  design  a  Reel  Tlae  Thrust  Recorder  Systea 
(RTT8)  to  asasure  im-flight  thruet  on  the  P404.  The  RTTS  will  initially  be  used  to  facilitate  flight 
testing  of  the  CP-18  Hornet  aircraft  iNien  investigations  are  carried  out  into  the  effects  of  new 
errangeaents  of  external  stores.  However,  by  coaperlng  aeasured  thrust  with  that  expected  at  a  certain 
fuel  flow  ratee,  the  oparator  aiy  be  able  to  detect  degradation  in  powerplant  perforaance  and  hence 
initiate  the  appropriate  troubleshooting  action.  The  potential  for  the  application  of  the  RTTS  to  tm 
use  will  also  be  explored.  CDC  will  report  on  the  application  of  the  RTTS  to  the  CP-18  and  then  will 
define  a  CP  r^lreasnt  specification.  A  laboratory  prograa  at  ntCC  is  planned  for  1988  which  will 
validate  the  RTTS  concept  end  to  study  the  possible  reduction  of  the  nuaber  of  pressure  sensors 
required.  The  CP  are  planning  to  have  a  RTTS  Installed  for  aid  1989.  The  developaent  of  this  project 
Is  being  funded  by  Hatlonal  Aeronautics  and  Space  Adalnlstratlon  and  the  Defence  Advanced  Research 
Project  Agency  la  the  United  States,  end  by  the  Departaent  of  Industry,  Science  and  Technology,  and  DND 
in  Canada. 
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PLANNED  DBVBLOPMEWT 


Ceif  r*l  Policy  on  BHM 

EHM  has  becoa«  the  corner  etone  of  OCM  for  gee  turbine  eogloes.  Lending  to  inproved  engine  avnllnblllty 
and  alrvorthlneaat  and  reduction  In  Life  cycle  coat.  The  Long  tera  eatabLlahnent  of  OQl  aa  the  main 
■alntenance  concept  for  aircraft  englnea  vilL  require  a  conprehenaive  and  coordinated  approach  to  EHM. 
Such  a  coq»rehecalve  ElM  prograa  will  require  dedicated  apeclallat  personnel  to  collect  and  collate 
engine  condition  data,  analyse  engine  condition  trends,  and  consequently  nake  recoisendatlons  to  flight 
line  and  engine  bay  technicians  for  action.  Thus  the  fragnented  approach  taken  with  Biff  policy  to  date 
will  need  to  be  changed.  A  general  policy  outlining  direction  and  responsibility  for  the  various  tasks 
Involved  in  BBH  la  being  developed. 

Studies  Ahead 


EKM  systeas  available  today  are  neither  coaplete  nor  easily  fitted  on  a  variety  of  aircraft.  These 
systeas  have  been  developed  in  response  to  a  specific  set  of  requireaents  for  a  particular  aircraft 
(10).  Aa  well,  these  systeas  do  not  provide  diagnostic  capabilities  beyond  soae  slaple  alerts  on-board 
and  the  ability  to  download  recorded  data  to  a  ground-based  coaputer  for  review.  The  data  processing 
required  In  order  to  contribute  aeanlngfully  to  the  engine  aaintenance  prograa  Is  usually  not  addressed. 
It  la  believed  that  a  coaprehenslve  approach  to  EHM  syatea  design  is  needed,  froa  data  gathering 
on-board  aircraft  to  a  recoaaendatlon  for  aaintenance  action  when  probleas  arise. 

Vlth  this  In  alnd  the  developaent  of  a  generic  on-board  Aircraft  Condition  Monitoring  (ACM)  systea  Is 
presently  under  consideration.  A  design  ala  will  be  to  provide  a  aodular  systea,  In  order  to  provide 
aaxlata  coapatlblllty  with  all  CF  aircraft  while  providing  the  benefits  of  hardware  and  software  coBon- 
allty.  This  ACM  systea  would  be  part  of  a  coaprehenslve  aircraft  aanageaent  system.  The  proposed 
systea  would  consist  of  Installed  flight,  structural  and  engine  sensors,  data  acquisition,  storage  and 
processing  hardware  as  well  as  a  ground-based  processing  and  diagnostic  capability  for  engine,  transals- 
slon  and  airfraae  condition  and  usage  aonltorlng,  performance  trending,  and  prognosis.  This  systea 
would  be  specifically  designed  for  use  by  engineering,  aaintenance  and  logistics  staff.  This  project  is 
different  froa  the  CFS/J8S  LEIM  project  described  earlier  In  this  paper  In  that  the  latter  will  initial¬ 
ly  be  tailored  to  the  CPS  aircraft  specifically  and  will  use  conteaporary  hardware  and  software.  The 
generic  ACM  system  will  be  designed  using  a  top-down  approach.  The  conceptual  design  study  for  a 
aultl-purpose  EKM  systea  has  been  coapleted  (11).  Lessons  learned  froa  the  LEHM  projects  will  be  inval- 
*4able  to  the  generic  AQ<  systea  developaent. 

Before  coaaenclng  the  aforementioned  developaent  project,  MID  will  be  performing  several  preliminary 
studies  oriented  towards  determining  the  feasibility  of  this  proposal  and  if  warranted,  defining  the 
systea  requireaents.  This  would  Include  the  determination  of  the  aost  aeanlngful  paraaeters  to  be 
monitored  and  the  most  appropriate  methods  to  handle  the  data  to  allow  effective  OCH. 

While  the  activities  described  above  are  underway,  a  related  study  will  be  undertaken  with  the  objective 
of  detentlning  the  long  tera  cost  effectiveness  of  EHM  generally.  The  prograa  will  Involve  the  Install¬ 
ation  of  off-the-shelf  engine  aonltorlng  hardware  to  selected  aircraft.  The  data  provided  by  the 
on-board  systea  as  well  as  other  sources  will  be  reviewed  on  an  on-going  basis  by  specially  trained 
technicians  who  will  recommend  corrective  aaintenance  actions  as  required.  Following  a  three  year  trial 
period  during  which  detailed  records  will  be  kept  on  all  cost  and  benefit  parameters,  the  overall 
effectiveness  of  this  approach  to  engine  aaintenance  will  be  assessed. 

As  In  the  case  of  the  generic  ACM  developaent  project,  the  EHM  trial  is  being  preceded  by  a  feasibility 
study  and  a  project  definition  study.  The  aim  of  the  former  study  is  to  deteralne  whether  an  effective 
and  aeanlngful  aircraft  gas  turbine  EHM  trial  prograa  can  be  carried  out  with  currently  available 
"off-the-shelf’’  EHM  equipment  on  contemporary  CF  aircraft.  Should  such  a  trial  prove  feasible,  the 
latter  study's  ala  will  be  to  establish  the  overall  definition  of  the  work  including  the  project's 
schedule,  cost,  structure  and  recommended  EHM  related  equipment  and  CF  aircraft.  The  feasibility  study 
Is  currently  underway. 

Aircraft  Acquisition  Programs 

As  In  the  past,  new  aircraft  acquisition  programs  will  import  new  monitoring  technologies  into  the  CF. 
The  condition  monitoring  requirements  for  the  NSA  air  vehicle  have  been  specified  early  In  the  program 
(5,  12).  The  specific  objectives  of  the  NSA  engine  condition  monitoring  program  are  to  Improve  flight 
safety,  track  and  record  the  engine  health  and  usage,  and  provide  troubleshooting  and  diagnostics 
capability.  The  Canadian  Forces  Light  Helicopter,  the  New  Transport  Helicopter  and  the  New  SAR  Helicop¬ 
ter  acquisition  projects  are  more  likely  to  take  the  same  approach  to  Eltf  as  for  the  NSA  from  both  hard¬ 
ware  design  and  system  engineering  viewpoints. 

CONCmSIONS 


In  conclusion,  Che  CF's  approach  to  EIM  policy  setting.  Implementation  an-,  development  has  been  techni¬ 
que  specific.  Individual  techniques  have  often  been  implemented  In  a  hit  and  miss  fashion  with  no 
reference  to  the  other  techniques  used  on  the  same  aircraft  or  other  available  techniques.  The  establi¬ 
shment  of  a  co^>rehenslve  EIM  program  which  coordinates  the  application  of  each  technique  thua  permitt¬ 
ing  the  strengths  of  one  to  offset  the  waskness  of  another  Is  an  Important  goal  of  the  CF.  Although 
development  will  continue  on  specific  techniques,  priority  will  be  placed  on  the  formulation  of  a 
general  policy  for  EHM,  the  building  of  a  oenter  of  expertise  at  AHDD  and  the  developaent  of  the 
previously  mentioned  comprehensive  EW  program. 
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DNS  Data  Manageaent  Systen 
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EGT  Exhaust  Ges  Tenpersture 

EHM  Engine  Health  Monitoring 

ETF  Engine  Test  Facility 
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GPA  Gas  Path  Analysis 
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Nq  Gas  Generator  Speed 

Ri«2  Low*  High  Pressure  Coapressor  Speed 

NRCC  National  Research  Council  of  Csnada 

NSA  New  Shlpbome  Aircraft 

OCK  On-Condltlon  Nalntenanee 

RAD  Research  and  Developnent 

RTTS  Real  Tine  Thrust  recorder  Systen 

SAR  Search  and  Rescue 

SOA  Spectronatrlc  Oil  Analysis 

Tq  Engine  Torque 

UK  United  Klttgdon 

US  United  States  (of  Ansrlca) 

VA  Vibration  Analysis 

VM  Vibration  Nonltorlag 

Vy  Fuel  Flow 
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CW  Alrevaft  SaginM  And  SHM  T«elmlqa«s 


Tabl«  3 


8oM  Bsp«rl«neM  with  MFD's  ia  cr  JLireraft 
(1  Jaa  is  -  31  Dae  33) 


DISCUSSION 


G.  XISTRIS 

1.  What  type  of  tralalog  does  the  airforce  provide  to  the  vibration 
aaalyaia  personnel? 

2.  The  EUH  policy  stateaent  referred  in  your  paper,  is  it  intended 
for  the  proaulgatioD  to  the  airforce  only  or  for  all  eleaents  of  the 
Canadian  Forces? 

Author's  Reply: 

1.  No  special  training  is  provided  to  personnel  in  the  use  and  inter¬ 
pretation  of  Vibration  Monitoring  (VM)  data.  The  only  guidance  provided 
is  that  included  in  technical  orders  for  each  aircraft. 

Training  and  Vibration  Analysis  (VA)  is  provided  at  two  levels.  Officers 
and  non-co«isaioned  officers  attend  a  one  week  workshop  in  Advanced 
Dynamic  Analysis  provided  by  Scientific  Atlanta.  Technicians  take  one 
week  course  given  by  Aerospace  Maintenance  Development  Unit  specialists. 
The  course  cover  VA  policy  and  theory,  operation  of  VA  equipment  and 
diagnosis. 

2.  The  EHM  policy  referred  to  is  intended  to  apply  to  the  maintenance 
of  aircraft  gasturbine  engines  only  and  not  to  those  operated  by  other 
elements  of  the  Canadian  Forces. 

H.  SARAVANAMUTTOO 

What  is  the  delay  between  the  sampling  and  the  transmission  of  the 
result  of  the  SOAP  analysis  to  the  operator? 

Author's  Reply: 

The  turnaround  time  is  very  quick  and  never  exceed  24  hours. 
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!■  lBtro4actioB 

The  "Onboard  Life  Honltorlny  Syatam"  of  the  SB  Tornado  waa  introduced  nalnly  bacauae  of 
one  raaaon,  aavlng  coiti  during  tha  antira  using  phasa  of  tha  Waapon  Syitan,  by  batter 
utlllaatlon  of  tha  Inherent  life  of  airfraa«,  structure  and  angina.  Using  tha  flight 
hour  as  a  naasuranant  for  natarial  usage,  the  disadvantage  is  obvious.  Tha  real  naterial 
fatigue  can  not  be  naasured  or  calculated  without  knowing  the  various  material  stress 
levels  for  alrfrsna  and  anginas.  Therefore  in  military  aviation  it  is  very  imi>ortant  to 
know  about  the  individual  fatigue  history  of  aircraft  to  safe  costs  and  improve  flight 
safety. 

Tha  personnel  situation  in  tha  service  does  not  allow  tha  Introduction  of  new  systems, 
that  are  intanslva  in  manpower.  Therefore  it  is  vary  important  that  any  "On  condition 
Monitoring  System"  shall  improve  the  "Trouble  Shooting"  and  othar  maintenance  routine 
work  as  wall.  To  extract  data  from  the  Aircraft  shall  not  Increase  the  down  tine  of  the 
Aircraft  and  shall  not  lengthen  tha  Oparational  Turn  Around. 

Tha  main  challenge  therefore  is  tha  harmonization  of  On  condition  Maintenance  principles 
with  tha  personnel  structure  in  tha  service  and  tha  existing  maintenance  and  repair 
levels . 


-ItaBirtRtaf 

3.1  Tschnleal  Baseline 

The  Tornado  Aircraft  was  already  in  existence,  whan  the  requirement  for  a  "Maintenance 
Data  Evaluation  System"  waa  finalized.  The  Crash  Recorder  System  with  tha  Data 
Acquisition  Unit  as  the  keyconponent  was  the  baseline  to  start  from.  This  System  should 
be  aupplemantad  by  a  Maintenance  Recorder,  recording  maintenance  relevant  data,  which 
should  be  evaluated  after  flight,  using  a  ground  based  computer. 

2.3  Technical  Innovation 

The  development  of  more  powerful,  faster  and  smaller  electronic  components  was  the  mein 
reason  to  take  "On  board  processing"  into  consideration.  The  existing  Crash  Recorder 
System  should  be  tha  basis  for  an  "On  board  Life  Monitoring  System"  .The  new  functions 
should  be  Incorporated,  and  no  additional  Blectronlc  box  (LRU)  should  be  installed  in 
the  Aircraft  (beside  tape  recording  devices,  where  provisions  were  already  Installed) . 
The  Data  Acquisition  Unit  was  dedicated  to  perform  this  requirement,  and  a  detailed 
study  should  prove,  that  the  required  processing  capacity  could  be  installed  in  the 
existing  Acquisition  Unit  on  board  the  Aircraft.  The  result  of  the  study  seemed  to  be 
realistic  and  a  joint  working  group  was  established  to  define  and  precise  the  functional 
requirements . 


3^-Emagtipmml  Remmirememtm  OLBOB 
3.1  Overell  System  Performance 

The  overall  functional  requirements  of  OLMOS  can  be  structuralized  basically  into  three 
categories : 

On  board  functions  (to  be  realized  in  Data  Acquisition  Unit) 

Trsnsfsr  functions  (to  be  developed) 

Ground  functions  (to  be  developed) 

Tha  on  board  part  of  OLMOS  shall  collect  and  process  stress  relevant  data,  detamlne 
life  consumption  of  Engine  and  Structure,  Monitor  limit  exceedances  of  aircraft 
structure,  engine  and  ether  definable  (free  programmable)  events.  The  results  have  to  be 
stored  in  non  volatile  menorlaa.  Critical  events  shsll  be  indicated  after  flight  on  the 
central  maintenance  panel.  The  noncritical  results  of  liflng  accounts  should  ba 
extracted  when  time  is  avallsble  (preferable  once  a  day) ,  for  off  board  trending  and 
control . 

A  handheld  terminal  should  extract  the  data  from  the  Aircraft  to  transfer  the  data  to  a 
ground  station.  For  the  evaluation  of  events  (quick  look)  tha  HRT  should  be  able  to 
display  aventdata  at  the  Aircraft.  The  operation  of  the  HHT  should  be  independent  of  A/C 
electrical  power. 

The  groundstatlon  should  l»e  a  convenient  evaluation  facility  and  shall  link  the  OLMOS  to 
the  base  computer,  so  data  can  be  distributed  easily  to  othar  users  and  the  lifing  data 
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can  b«  nonitorcd  in  thm  logistic  Systss. 

Ths  onboard  recording  on  tbs  existing  Crashrecorder ,  as  well  as  the  recording  on  the 
optional  Maintenaneerecorder  will  be  considered  as  OUfOS  related  functions. 

The  Data  and  Inforaation  flow  fron  the  Aircraft  to  the  logistic  ground  baaed  Systen  and 
vice  versa  will  be  shown  in  the  following  flowdiagran. 


3.2  0UI08  Functions  in  DAO  Ic 
3.2.1  Bngine  Life 

The  Bngine  of  the  Tornado  Aircraft  (Turbo  Union  RB  199)  is  validated  and  certified 
against  cycles  Instead  of  flighthours.  The  main  reason  is  the  principle  problea  in 
military  aviation,  that  the  different  aisslons  will  stress  the  engine  differently.  The 
X«ow  Cycle  Fatigue  in  rotating  engineparts  is  beconing  sore  and  sore  significant,  because 
of  the  higher  temperature  levels  modern  engine  are  designed  to.  Earlier  studies 
indicated,  that  e.g.  in  formation  flying  the  wingman  will  stress  his  engine  up  to  two 
tines  higher,  than  the  leader.  In  the  famous  U.S.  Airforce  Showformations  the  difference 
in  accumulated  cycles  between  Nr.l  A/C  and  Nr. 8  A/C  was  even  more  significant.  To  count 
engine  cycles,  which  are  based  on  "Low  Cycle  Fatigue"  is  therefore  the  most  important 
requirement  of  OLHOS.  Other  fatigue  categories,  like  "Thermal  Fatigue",  "High  Cycle 
Fatigue"  or  "Creep"  were  discussed  during  the  development  phase,  the  experts  however 
believed,  that  for  the  RB  199  engine  it  might  not  be  necessary.  For  future  engine 
developments,  especially  when  the  temperaturelevels  will  be  even  more  increased,  these 
fatigue  categories  night  become  moore  important  and  an  even  more  complex  on  board 
processing  might  be  required.  For  the  Tornado  however  the  LCF  (low  cycle  fatigue) 
calculation  was  considered  to  be  sufficient. 


3.2.2  Bngine  Placarding 

The  Bngine  Performance  is  controlled  by  the  Pilot  during  Run  Up.  This  manual  procedure 
does  have  some  disadvantages.  Bven  with  well  defined  run  up  procedures  there  is  quite  a 
difference  in  crewhandling.  The  Tornado  procedure  requires  a  manual  conversion  of  the 
gained  snapshotdata  into  comparable  "standard  day"  data.  Not  all  of  these  data  are 
available  in  the  cockpit  (e.g.  air  intake  temperature),  the  result  is  not  very  precise, 
at  least  the  gained  data  do  not  allow  any  trending.  The  requirement  to  snapshot  the  run 
up  was  added  to  0LM08  to  prevent  unnecessary  engine  run  ups  for  adjustment  purposes. 

3.2.3  Structural  Life 

In  Order  to  simplify  the  read  out  of  structural  stress  data  and  to  gain  more  accuracy, 
the  requirement  of  structural  life  counting  was  added  to  OX«MOS.  The  Tornado  Aircraft  was 
originally  fitted  with  a  simple  accellerometer  (O-counter) ,  which  did  allow  the  counting 
of  "O'categories" .  This  feature  already  did  allow  an  individual  Airframe  monitoring, 
however  some  important  parameters  (e.g.  present  weight,  stores)  were  not  available,  the 
results  were  quite  rough.  The  parameter  were  available  in  the  existing  systen.  the 
requirement  to  monitor  structural  life  usage  could  be  added  to  the  OLMOS  requirement 
without  rewiring  the  Aircraft. 


3.2.4  Bvent  Monitoring 

The  main  argument,  to  use  a  bulk  storage  device  to  coII-j  t  in-flight  data  and  evaluate 
these  data  after  flight,  was  because  of  possible  events  and  limit  exceedances  during  the 
mission.  Flight  test  engineers  were  using  this  method  wuen  ever  new  A/C  were  designed 
and  tested.  Day  by  day  operation  however  does  require  a  more  comfortable  tool.  OLMOS 
does  provide  a  programmable  event  monitor  to  allow  the  monitoring  of  limit  exceedences, 
and  assist  in  diagnostic  if  spurious  failures  or  hard  to  find  failures  are  assumed. 

3.2.5  Logistic  data  Monitoring  /  Related  Requirements 

To  allow  the  User  an  easy  and  carefree  groundhandling  of  OLHOS  data,  additional  data 
have  to  be  added  to  minimize  manual  inputs  at  the  groundstation.  These  data  are  e.g. 
flight  hours,  amount  of  landing  gear  (undercarrier)  engagements,  Tailnumber  of  the 
Aircraft  etc..  All  these  requirements  are  leading  to  a  complex  airborne  computer  system. 
In  order  to  meet  state  of  the  art  standards  consequential  requirements  have  to  added, 
mainly  to  improve  the  internal  testability. 


4.1  General  Requirements 

The  On  Board  Life  Monitoring  System  has  to  be  embedded  into  the  logistic  system  of  the 
Air  Force,  and  specially  a  very  close  match  with  the  maintenance  echelons  has  to  take 
place.  For  the  different  Subsystems,  like  structure,  engine,  avionics,  the  integration 
of  OLMOS  has  to  follow  different  rules. 


4.2  laadliag  at  Aircraft 


First  laval  aaiatananca  handllna  has  to  ba  ralativaly  siapla.  Thara  is  no  indicatioD 
raquirad  for  tha  Aircrav.  Thara  may  ba  a  diffaraat  philosophy  io  handling  similar 
Systans  in  eoamarcial  aaiatlon,  in  tha  Airforca  howaaar  it  was  dacidad  to  kaap  tha 
monitoring  of  straws  ralavant  data  strictly  in  tha  hand  of  tha  maintananca  parsonnal 
(tha  only  axcaption  is  tha  run  up  chack) . 

Tha  lina  chiaf  will  hava  a  failura  indication  at  tha  CNF  (Cantral  Maintananca  Panal) , 
whan  tha  systam  reports  a  Bardwara  or  sansor  failura.  Tha  sama  indication  will  occur* 
whan  ona  of  tha  programmable  events  ware  triggered  during  flight.  Tha  indication  at  tha 
CMP  can  not  ba  intarpratad  by  tha  1st  level  maintananca  parsonnal*  OLMOS  (2nd  level 
maintananca)  spaeialists  are  raquirad  for  further  diagnosis.  Using  a  special  AGB  (Hand 
Bald  Terminal)*  it  is  possible  to  interpret  events  or  failures.  Tha  BBT  also  is  used  for 
data  transfer  between  tha  Aircraft  and  tha  Groundstation. 


4.3  Handling  at  Shop  level 

At  shop  level  OLMOS  may  assist  various  specialists  to  perform  "On  Condition 
Maintananca".  Mainly  tha  following  shops  may  ba  able  to  gat  batter  information  and  do  a 
much  batter  and  more  sufficient  maintananca  job: 

-  Engine  maintenance  (controlling  lived  items) 

-  Engine  control  (controlling  operating  parameters  to  adjust  ECU) 

*  Avionic  maintenance  shops  (shorten  trouble  shooting  time) 

-  Structure  and  Engine  maintenance  (inspections  altar  events) 

Tha  main  evaluation  task  will  ba  performed  by  the  OLMOS  Ground  Station*  in  order  to 
prevent  bottle  necks  soma  of  tha  Software  has  to  r\in  also  on  other  computers.  The 
shoplaval  organization  should  not  be  changed  by  introducing  OLMOS. 

4.4  Handling  at  Material  Command  level 

On  Material  Command  level  tha  individual  Airframes  are  controlled  to  optimize  retrofit 
packages  for  depot  inspections.  This  task  cannot  ba  performed  at  winglaval*  because 
additional  evaluation  at  industry  level  is  required. 

4.5  Handling  at  Industry  level 

To  assist  tha  Logistic  and  Material  Command  soma  of  the  evaluations  has  to  be  done  at 
industry  level.  Bach  individual  Airframe  will  ba  controlled  by  tailnumber  to  optimize 
depot  inspections.  On  top  of  this  task  ths  Ga  firm  ZAB6  will  do  special  evaluations  on 
request*  using  the  result  of  the  event  monitor  or  the  maintenance  recorder,  which  will 
be  installed  in  5-10%  of  the  Aircraft.  It  is  also  an  industry  job  to  validate  new  OLMOS 
programs  and  carry  out  all  type  of  softwars  maintenance. 


5.1  Pumetions  of  the  Hand  Bald  Terminal 

To  meet  the  handling  requirements  on  ground*  and  to  allow  stand  alone  operation 
(emergency  operation)  the  BBT  has  to  transfer  data  bidirectional  from  DAU  to  OGS  and 
analyze  failures  and  event.  In  the  transfer  mode  the  HHT  has  to  store  data  of  10 
Aircraft  and  the  transfer  operation  should  be  carried  out  without  using  Aircraft  power. 

A  special  designed  batteries  pack  will  be  part  of  the  HHT  equipment. 

5.2  Functions  of  OLMOS  Ground  Station 

The  main  function  of  the  ground  station  is  the  acquisition  and  control  of  the  various 
DAU  data.  To  allow  easy  distribution  of  data  into  the  Logistic  System  the  ground  system 
has  to  be  linked  to  the  Base  Computer.  All  data  necessary  to  support  engine  changes  will 
be  provided  from  the  Logistic  System.  A  stand  alone  node  has  to  be  possible  (e.g. 
oversea  operation) . 

5.3  Functions  of  Eecorder  Test  Unit 

As  a  consequential  requirement  to  OLMOS,  the  update  of  the  ETU  (already  existing)  was 
required.  For  Testing  the  System  and  the  Aircraft  sensors,  the  RTU  has  to  be  updated*  on 
top  of  this  testrequirement*  the  RTU  was  designed  to  hold  one  complete  dataset  of 
Crashrecorderdata,  and  convert  signals  into  physical  units. 


The  System  was  introduced  into  service  1945  on  a  prototype  basis.  The  principle  design 
is  shown  in  the  following  Blockdiagramm  (Fig. 2).  The  groundequlpment  which  is  not  used 
on  Aircraft  is  commercial  type  equipment  the  BHT,  RTU  and  the  Batteries  pack  is  designed 
to  military  environmental  specifications. 
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7.  data  Ae<ntl«ltltt»  Wit 

Th«  k«y  alvamt  of  tko  OUIOS  Is  tbs  on  board  proessslaa  facility  DAQ  Ic.  Tbara  la 
another  paper  presented  In  the  afternoon,  ehere  in  aore  detail  tha  onboard  software  is 
prssantad  (J.  Broads.  MTU) .  With  the  next  diagraas  I  would  liica  to  draw  your  attantion 
on  the  aabeddad  dealgn  for  the  engine  calculation  aodule.  Tha  Hardware  for  this  SH 
M^ule  could  bo  installed  on  one  clrcuitboard  for  each  engine. 


-CMSlHHtM 

The  devolo^ont  of  ObMOS  proved,  that  On  Board  Monitoring  is  possible,  and  tbs  received 
data  can  ba  usad  in  the  bogistic  Systen.  The  Tornado  OLMOS  technology  is  using  state  of 
tha  art  Hardware  and  structured  Software.  OLMOS  la  a  Systen  which  serves  engine, 
structure  and  functional  eguipaent  as  well,  the  level  of  integration  is  high,  but  due  to 
tha  structured  Sof twaraapproach  tha  systen  can  t>e  handled.  Tha  Software  was  developed  by 
four  coapanlss,  and  in  the  using  phase  the  sane  conpanies  are  sharing  the  SB 
naintenanca.  High  integrated  Syatans  definitely  do  need  a  very  close  nanagenent  on  both 
aides,  tha  governnant  and  the  industry,  however  OLMOS  proves  that  even  connarcial  and 
proprlatary  aspects  can  be  woriced  out. 
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DISCUSSION 


R.  DYSON 

Vibration  systems  are  praised  and  criticized.  Please  provide  your  ratio¬ 
nale  for  the  decision  not  to  include  vibration  monitoring. 

Author's  Reply: 

OLMOS  does  include  a  vibration  monitoring,  however  it  is  a  strict  "vibra¬ 
tion"  monitoring.  There  is  no  frequency  analysis  performed 
within  "OLMOS". 

J.L. BOUILLON 

Le  syst^me  OLXOS  n'est  pas  operationnel  aujourdhui.  d'ou  les  trois  ques¬ 
tions  suivantes: 

1.  Quand  le  systeme  sera-t-il  operationnel  dans  la  Luftwaffe? 

2.  Cosnent  sera  initialise  I'endosmagement  des  pieces  critiques  des 

noteurs  en  service  depuis  plusieures  annees? 

3.  Quellea  pieces  sont  suivies? 

Author's  Reply: 

1.  The  first  production  systems  were  introduced  into  service  in  4/87. 

The  existing  TORNADO'S  will  be  retrofitted.  The  complete  fleet  will 
be  operationnel  in  1992. 

2.  All  "NO-OLMOS"  engines  will  be  monitored  by  flight-hours.  The  group 
A  parts  will  have  Individual  j^-factors  assigned.  The  monitoring  will 
be  performed  by  fllghthour  and  ^-factor.  An  engine  converted  from 

a  "fllghthour  controlled"  engine  to  an  "OlifOS  controlled"  engine  will 
pick  up  the  consumed  life  gained  by  the  present  procedure. 

3.  All  rotary  group  A  parts  of  the  engine. 
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"With  the  Advent  of  Blcro-proccoAOCi*  1«  a  phAAO  which  hAA  horAldod  a  hoot  of  AdvAOCM  la  Aircroft 
■ouatAd  oqulpMot.  It  proalAAA  to  ylold  rich  dividcodA  for  the  hord  preAeod  •AlntAnAaeo  AngloAor  by 
provldlag  dAtAlled  InforaAtlon  on  Aquipaont  pArforaattCA  to  eoAblo  dof Actg  to  bo  AccurotAly  And  rApldly 
dlAgnoAAd,  LAtAAt  dAVAlopaiatA  in  the  propulAion  field  ehow  the  potentiel  of  being  Able  to  entlcipete 
certeia  typee  of  defect  end  thue  Achieve  true  on-condition  nAlntenAnce  In  theee  caaaa.  The  eln  of  this 
paper  1*  to  highlight  the  vltelly  iaportenc  role  ployed  by  aAlntenence  Informetion  nAnAgeaent  eyttene  la 
Atorlag,  AOAlyAlng  And  dieplAylng  the  dete  ceptured  by  on-boerd  nonltorlng  Ayetene  end  to  neke 
recoeaendACionA  for  a  code  of  prectlce  for  the  Aucceeeful  lapleaentAtlon  of  euch  AyetenA, 


INTaODDCTlOll 


1.0  Incroeeingly,  allltery  Aircraft  are  being  deeigned  to  incorporate  on-board  aonltorlng  ayeteae.  For 
inAtAnce,  it  Ia  now  RAF  policy  for  all  new  Aireraft  to  be  fitted  with  an  integrated  flight  data  recorder 
(IFDR).  Unfortunately,  what  hae  tended  to  be  neglected  hae  been  the  requireaent  to  nanipulate  and  manage 
thla  infomation  in  a  way  that  provldea  clear,  unambiguouA  advice  in  a  readily  underatandable  form.  To 
date,  the  trend  hae  been  to  view  the  problem  primarily  from  the  airborne  aide  with  attention  only 
focuaaing  on  the  potential  uaera  requlreaenta  very  late  in  the  day. 

1*1  The  Section  in  which  1  work  ia  the  Engine  Uaage,  Condition  and  Maintenance  Management  Systema 
(EUCAMS)  Project  Office  in  the  UK  MOO  Procurement  Executive.  It  uaed  to  be  called  Engine  Health 
Monitoring  but  thia  title  failA  to  adequately  deacribe  the  range  of  actlvitlea  covered.  Some  of  the 
developaantA  at  have  been  reaponalble  for  are  the  Engine  Uaage  Monitoring  Syatem  (BUMS),  and  Low  Cycle 
Fatigue  Counter  (LCFC),  Air  Staff  Target  (AST)  603,  about  which  you  will  be  hearing  elaewhere,  and  the 
Engine  Monitoring  Syatem  (EMS)  fitted  to  the  Harrier  GR  Me  S»  We  have  elao  developed  the  Harrier 
Information  Management  Syatem  (HIHS)  to  aupport  the  EMS  and  are  developing  a  similar  syatem  for  the 
Tucano.  Finally,  we  are  involved  in  the  process  of  defining  the  requirements  for  the  Integrated 
Monitoring  and  Recording  System  (INKS)  and  the  Ground  Exploitation  System  (GES)  for  the  European  Fighter 
Aircraft  (EFA)  -  but  that  requires  a  paper  in  Its  own  right.  I  will  briefly  deacribe  the  various 
infomation  management  syatema  ualog  our  experiencea  on  the  Harrier  and  Tucano  systems  to  Illustrate 
important  points* 

1.2  Tha  future  trend,  as  exemplified  by  the  Tucano  and  EFA,  is  to  Integrate  the  engine,  airframe  end 
systema  monitoring  function  into  either  a  physical  or  virtual  system.  Bence,  airframe  fatigue 
cooaumptlon  calculation  can  be  enhanced  by  introducing  recording  the  readings  of  strain  gauges 
stratagically  positioned  on  the  airfraae.  Avtonica  and  some  mechanical  systems  will  also  benefit 
from  being  conetantly  monitored  to  improve  the  dlegnosls  of  defects  and,  more  Importantly,  transient 
defects* 


2.0 


BACKCROUWP 


2*1  BUMS 


2*1*1  The  Pleeaey  Avionics  BUMS  is  fitted  to  a  percentaga  of  aircraft  In  each  of  the  UK  fast  Jet 
fleets  and  to  a  nuabar  of  halicoptars  and  traaaport  aircraft.  BUNS  contlnuoualy  racords  a  limited 
nuaber  of  engine  pmraaeterA,  prlaAtily  shaft  speeds  and  JFT,  onto  a  standard  audio  cassette  format. 

Tha  csssstte,  together  with  a  proforaa  giving  sortie  details  Is  sent  to  Rolls  Royce  Bristol  (RRB) 
whars  tha  data  ia  aoalysad  and  atored  on  a  coaputar  (a  DEC  PDF  11/70).  Thla  analyata  la  fairly 
coaplax  and  beyond  the  capmbllltiea  to  be  found  on  the  average  Service  unit.  The  data  output  gives 
LCF  conauaad  par  flight  which  can  ba  taggad  with  a  Sortla  Pattarn  Coda  (SPC)  and  Squadron  identity. 

It  la  than  poealblc  to  placa  the  LCF  eyclea/br  exchange  rate  In  contest*  On  some  engine  types,  the 
enalysla  baa  shown  that  it  has  been  poaalbla  to  halve  the  originally  aatlaatcd  axchanga  rata  la 
affactivaly  double  tha  coapoaant'a  Ufa,  which  can  rapreaant  a  large  financial  saving.  On  other 
angina  types,  BUMS  has  blghllghtsd  grsstar  than  sssum^  engine  usage  and,  hence,  "life”  has  had  to  be 
reduced*  However,  tha  greater  knowledge  of  actual  uaage  la  an  laportant  contribution  to  flight  aafety. 
Its  got  to  ba  goodl 


2.1.2  The  big  problaa  with  BUNS  la  "data  drag".  It  can  taka  up  to  a  aonth  between  a  flight  and 
procaaaing  a  caaaatta  at  RRB*  If  data  la  corrupted  and  the  causa  ia  aquipaant  aalfunctlon,  than,  by  the 
tlae  Che  defect  has  been  ractiflad,  a  lot  of  data  will  have  been  lost.  The  EONS  results  cannot  be  uaad 
on  thalr  own  as  they  only  reflect  a  aaall  parcantaga  of  fleet  naaga,  hence,  varlooa  statistical 
taehniquaa  need  to  ba  uaad  to  overcoat  any  bias  If  the  results  ware  to  be  applied  to  the  whole  fleet. 

So  cbo  tiao  tekon  for  a  assnlngful  output  to  be  aade  svalloble  rules  out  using  BOMS  data  for  Ist  or  2nd 
line  USA. 
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2.2  LOW  CTCLg  rATICDl  OOOOTl  (LCfC) 

2*2*1  lh«  SalclM  IndiMCrlM  LCFC  madm  pM«lbl«  by  'th*  ftdv«BC  of  tbo  alcro  procoooor".  Slailar 
lopuca  Co  BOMS  ara  fad  Co  Cba  aircraft  aouatad  LCFC  ablcb  chan  coatinuoualy  eoapucaa  LCF  uaage  by 
runalnt  an  appropriata  also'^tlt*  In  Ita  alcro-procaaaor.  Tha  original  LCFC  diaplayad  reaulca  on  4 
alacCro  aachanieal  coimcara  ahleh  ara  nomally  road  ac  cba  end  of  cba  day*a  fljrlng  and  recorded  In  cba 
aircraft  docuaancatlon.  Ihla  la  cha  ayatM  uaad  on  cba  Rad  dcrona  Bawfca  and  la  cba  only  float  fit  of 
LCFCa.  Tha  ayatan  la  analogoua  to  reading  airfraaa  fatigue  aatara»  alcbou|^.  In  chla  caaa  cha  nuabara 
directly  rapraaant  life  conauaed. 

2.3  AST  603 

2.3.1  AST  603  apawnad  a  qulca  aabiCloua  and  advanced  trial  of  angina  aonlcoring  cachnlquea.  VThllac  It 
would  be  crua  to  aay  that  cha  project  auf fared  note  than  lea  fair  abate  of  problana*  it  alao  enabled  the 
way  ahead  to  be  defined.  Tha  trlel»  ac  an  RAF  advanced  flying  training  achool,  conprlaad  12  Bawk 
aircraft,  fitted  with  an  anpandad  BOMS  fit,  and  a  ground  atatlon,  alnllar  to  chat  at  RRg,  to  proceaa  the 
caaaetcea.  An  RAF  team  of  3  ran  the  ayaten. 

2.3.2  Tha  on-atacloo  conputar  acted  aa  tha  infonacion  nanagaMnc  ayaten  but  required  a  high  degree  of 
knowledge  to  operate  it.  In  cha  latter  acagea  of  cha  project,  a  nuch  nore  "uaer  friendly*  ayatan  waa 
daalgnad  called  the  prototype  Infomatlon  Managa«ant  SyatM  (PIMS).  Two  eoepanlaa,  SCICON  and 
Stewart  Bughaa,  coeblnad  to  produce  and  dawonatrata  thia  ayatan  which  waa  haavlly  baaed  on  the  USAF*a 
Halntenanea  Infomatlon  Managananc  Syataa  (MIMS)  but  tailored  to  neat  tha  RAF'a  requlrananta . 

3.0  HARBIER  CR  «  5 

3.1  Tha  Harrier  GR  Me  S  will  be  cha  flrat  RAF  aircraft  to  be  fleet  fitted  with  an  BMS*  The  PINS 
experlenca  waa  very  valuable  in  focuaaiog  choughta  to  define  the  requirenanta  for  a  ayaten  to  aupport 
tha  Harrier  BMS.  Tha  original  idea  waa  to  nonage  the  EM8  data  on  the  Station  Bnglnaering  Managenent  Aid 
(SBMA),  a  nicro'conputar  baaed  cantrallaed  eagineering  databaae.  However,  SENA  Inplenentatlon  at 

RAF  Wittering,  the  firac  Harrier  GR  Me  5  unit,  waa  not  planned  until  1  year  after  the  aircraft  entered 
aarvlce.  Thua  waa  boro  tha  Harrier  Infomatlon  Hanagenent  Syaten  (BINS)  aa  a  atand  alone  ayatan  but 
with  tha  ability  to  Interface  with  SENA  in  due  courae. 

3.2  BMS 

3.2.1  A  brief  deacription  of  the  Harrier  BMS  la  appropriate.  Flratly,  there  la  the  aircraft  nounted 
aqulpnenc,  the  Engine  Monitoring  Unit  (EMU),  and,  aecondly,  there  ta  the  ground  baaed  equipnenc,  the 
Data  Retrieval  Unit  <ZHtU).  The  EMU  doea  all  the  proceaalng  to  provide  the  funcclona  deacribed  In 
para  3.2.2  below  whilat  the  IMU  la  need  to  download  the  data  and  feed  it  Into  BINS,  ibe  DRU  la  alao 
uaad  to  ra-aet  data  atorea  in  the  SNU  following  an  engine  or  EMU  change.  To  cope  with  the  Harrier 'a 
deployed  role,  the  ORU  la  dealgned  to  download  Ita  date  to  e  ceaaette  recorder  ao  that  the  data  nay  be 
treneferred  to  HINS  beck  at  baae.  Fig  1  givea  a  ainpllfled  overview  of  the  ayaten. 

3.2*2  The  najor  faaturea  of  the  EMU  are  aa  followat 

a*  It  runa  6  LCF  algorithna  In  real  tine  and  atorea  the  reaulca  In  a  "per  flight*  end  a 
cunulatlve  conaunpclon  atorc. 

b.  It  runa  2  algorithna  for  decernlnlng  the  life  of  HP  Turbine  Stage  1  and  Stage  2  bladea  and 
atorea  reaulta  ea  per  eub-para  a  above. 

c.  It  cerrlaa  out  exceedance  detection  of  e  wide  range  of  perenetera  auch  aa  overapeeda, 
overtanpa  etc,  end  recorda  na&tnun  pareneCer  value,  tine  apent  above  the  Unit  end  tine  Into  flight 
et  which  the  exceedence  occurred. 

d.  Following  exceedence  detection,  BMS  recorda  the  entire  raw  data  atrean  for  the  duration  of  the 
incident,  including  a  abort  period  before  end  after  the  exceedence,  end  atorea  thia  data  to  aolid 
atate  nenory.  The  BMS  la  able  to  provide  data  prior  to  an  exceedance  becauae  data  la  held  in  e 
circular  buffer  able  to  atore  up  to  60  aeconda  of  date. 

e.  Over  e  period  of  6  fUgfaca,  BMS  recorda  and  atorea  that  englne/airfrane  conbination 'a 
vibration  algneture  end  uaea  thin  date  to  trigger  e  vlbretton  nelntenence  wernlng  before  s 
vibration  exceedance  it  recorded.  BMS  elao  nooltora  vibration  levela  aaaoclated  with  the  hlgheat 
engine  apeed  at  cake  off  and  each  IS  ninutea  thereafter. 

f.  On  the  Harrier,  e  check  la  carried  out  which  le  elniler  to  the  Power  Perfomence  Index  for 
helicoptera.  The  object  of  the  check  ia  to  eeaure  that  the  aircraft  and  engine  conbination  will 
produce  a  certain  atenderd  of  perfomaoce.  To  obtain  a  feel  for  Juat  the  engine  perfomence,  it  ia 
ncceaaery  to  carry  out  e  eeperete  engine  perfomence  anepahot  lAien  the  engine  conpreeaor  elr  la  not 
being  bled  off  to  control  the  alrcreft  below  wing  borne  apeeda.  BMS  la  planned  to  eutonetlcally 
capture  hover  perfornance  and  a  take  off  perenater  anapahot  for  ground  analyale  In  duo  courae* 

3*3  BINS 

3.3.1  Developnent  of  H1M8  waa  aterted  when  the  Berrler'a  io-aervice  date  ana  only  21  noncha  away.  Ibe 
BH8  had  bean  In  developnant  for  aona  30  noncha  prior  to  that.  Ihe  original  pfalloaophy  had  baen  to  raad 
data  fron  the  BM8  aa  and  when  necceanry  (et  that  etage  only  exceedence  auaaertea  were  being  logged)  in 
nuch  Che  aane  wey  ea  for  tha  LCFC.  However,  aa  the  BMS  deat^  progreaaed,  edvencea  in  nenory  cepeclty 
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of  non  volotllo  raodoa  occoos  mmory  (MVEAM)  dcvleoo  ponltted  th«  Introduction  of  r«w  dat«  recording 
end  etorege.  Direct  celculetlon  of  LCP  coneueption  ellowed  the  chenge  froa  the  tradltlonel  eyetea  of 
"llflng”  the  eoglne  la  houre  to  llflng  la  LCP  cycle**  Mow,  the  Pegeeu*  he*  36  Group  k  perte  which,  in 
theory,  could  each  cooauae  LCP  et  different  rate**  The  KHD  only  rune  elgorltha*  for  6  Group  A 
coaponeate*  Theee  coapoaente  ere  the  aoet  highly  etreeeed  feature*  In  each  epool/eheft  end  the 
coabuetloa  cheaber  outer  cealng.  The  reoelnlag  Group  A  pert*  ere  related  to  the**  6  by  *  reed  ecro** 
factor  which  1*  currently  *et  et  unity*  Soae  eort  of  ground  beeed  etorege  end  dlepley  eyetea  we* 
clearly  needed  to  support  this  functlonellty  end  thl*  foraed  the  besl*  for  the  requlreaent*  for  HIMS* 

3.3.2  H1M8  Input*  are  e*  follow*: 

*.  DOI  det*  1*  loaded  irl*  the  D&Q  for  on-b**e  operation*. 

b.  EMU  date  1*  loaded  «1*  e  eeeeette  for  off-beee  operation*. 

c*  The  following  date  he*  to  be  entered  aenuelly: 

I.  Sortie  detail*,  hour*  flown  end  eortie  pattern  code,  froa  the  aircraft  docuaenta. 

II.  Reaovel/inatalletlon  of  englnea/coapoaenc*. 
ill*  Oetebeoe  correctiona. 

3*3.3  Pollowlng  the  Introduction  of  SBMA,  HIMS  will  obtain  the  data  in  pare*  4.3.2.C.1  and  4. 3. 2. c. 11  by 
electronic  trenafer  froa  SEMA. 


3*3.4  The  aain  BINS  function*  aey  be  deecrlbed  a*  follows: 

e.  Helatains  a  record  of  LCP  coasuaptlon  of  *11  36  Pegaau*  Croup  A  parts  by  using  reed  across 
factors  froa  the  6  LCP  algorithas  running  in  the  EMU. 

b.  Maintains  a  record  of  HP  Turbine  blade  usage* 

c.  Haincaina  a  record  of  exceedences  recorded  in  the  EMU. 

d.  Displays  raw  incident  date  graphically. 

e.  Displays  a  sunaary  of  engine  life  reaaining  in  hours . 

f*  Olapleys  a  suosuiry  of  rate  of  usage  between  different  engine*, 

g.  Produces  data  to  re>set  EMU  date  stores* 
h«  Transfers  date  to  and  receives  data  froa  SEMA* 


U  i*  beyond  the  scope  of  this  paper  to  describe  *11  these  functlooa  fully,  so  I  will  only  describe  a 
few  of  the  outputs  below. 

3*3.5  One  of  the  oost  useful  outputs  froa  HIMS  will  be  the  ability  to  Investigate  engine  defects 
without  having  to  rely  lapllcitly  on  aircrew  reporta*  This  Is  not  s  slur  on  aircrew  but  a  recognition 
that  they  are  likely  to  be  rather  too  busy  flying  the  aircraft  following  an  engine  aalfunctlon  to  pay 
other  than  passing  interest  in  how  paraoeters  are  changing  during  a  aalfunctlon.  Maintenance  engineers 
will  be  presented  with  a  suoaary  of  the  incident  le  oaxlaua  value  reached,  duration  above  llaic  and  the 
tloe  into  flight  at  which  it  occurred  as  well  as  being  able  to  "view"  the  incident  by  plotting  out  the 
relevant  paraaetere  either  on  a  VDU  or  onto  hard  copy  and  correlating  what  actually  happened  with  the 
advice  in  the  engine  aanual.  Provided  the  EMU  is  functional,  no  longer  will  the  words  "When  I  looked 
Into  the  cockpit  the  JPT  was  falling  through  850*. be  greeted  by  "Whet  teaperature  did  It  reach?". 
Accurate  data  will  be  readily  available* 

3.3.6  Another  useful  output  will  be  that  of  engine  life  reaaining  In  hours.  Raving  said  that  we  want 
to  get  away  froa  llflng  engines  in  hours  why  coae  back  to  It?  Very  sioply,  hours  reaaining  are  what 
aatcer  when  operating  aircraft,  so  converting  beck  froa  cycles  to  hours  gives  a  basis  for  aaneglng  the 
engine.  Bowever,  as  this  hour*  reaaining  figure  is  derived  by  dividing  a  cycles/hour  exchange  rate  Into 
the  co^>onent  with  the  lowest  cycles  reaaining  figure.  It  could  decrease  at  a  slower  or  fester  rate  than 
the  aircraft  flying  hours  depending  on  the  severity  of  engine  ussge.  For  example,  when  aircraft  are 
being  used  on  en  sraeaent  practice  csap,  the  range  Is  usually  cloaer  than  usual.  Tranalt  tiae  to  and 
from  the  range  Is,  therefore,  much  lower  chan  when  at  base.  As  LCF  coasuaptlon  Is  either  very  low  or 
tero  during  transit,  for  every  hour  spent  flying,  proportlonstely,  the  engine  is  consualng  much  more  LCF 
chan  would  noraelly  be  the  case.  However,  this  increased  coaplexlty  In  determining  engine  life  1# 
eutooecicslly  taken  cere  of  within  HlhS. 

3.3.7  Another  exe^le  which  he*  «  use  both  in^eervice  and  at  the  engine  aenufecturer,  i*  the  ability 
for  th*  first  tla*  to  display  the  difference  in  the  rate  of  engine  life  usage  between  engine*  on  a 
squadron  and  also  b*twe*n  pilot*.  Whilst  1  am  not  suggesting  that  in  th*  Service  e  check  should  be  kept 
en  engine  usage  by  Individual  pilots,  it  a*y  be  •  useful  output  when  evaluetlng  different  operating 
profiles.  At  4th  line,  this  Inforaatlon  will  prove  invalueble  when  aeseeelag  the  eoount  of  scetCer  that 
Che  aenufecturer  le  likely  to  expect  when  the  aircraft  1*  flown  by  different  pllote  on  the  eeae  eortie 
petcera.  This  data  can  then  be  used  to  aodlfy  the  "eeeuaptlons"  used  in  llflng  celeulstlone* 
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3*4  FUTURE  gWHAMCKMRHTS 


3«4.1  Although  orlglnallT  envl«aged»  Che  EMS  currently  does  not  have  a  facility  to  autoaaclcally 
capture  data  to  calculate  hover  perfonunce  on  the  Harrier.  To  chose  uafaalllar  with  Harrier  operation, 
this  procedure  is  carried  out  to  check  Che  overall  performance  of  the  engine/airf rame  combination.  It 
la  analogous  to  the  helicopter  power  performance  index  check.  The  Harrier  procedure  requires  the 
services  of  experienced  aircrew  as  very  accurate  hovering  is  required.  Ideally,  there  should  be  no  wind 
so  tliat  Che  use  of  Che  reaction  Jet  controls  can  be  minimised.  Inevitably,  this  is  rarely  the  case  and 
so  for  a  number  of  reasons  a  hover  performance  check  may  have  to  be  reflown.  I  would  expect  the  software 
for  the  automstlc  capture  and  calculation  of  hover  performance  to  be  available  in  late  *88.  HIMS  will 
take  on  this  data  and  store  it  against  the  particular  englne/alrframe  combination. 

3*4.2  Another  function  which  has  been  delayed  Is  the  capture  of  a  snapshot  of  engine  parameters  at  a 
repeatable  point  in  the  flight  envelope.  Such  a  point  has  been  identified  as  occurring  shortly  after 
take  off  when  Che  aircraft  is  in  full  «rlng  borne  flight.  The  anapshot  window  has  been  defined  as 
occurring  approximately  7  seconds  after  the  aircraft  ia  airborne  and  the  noetLea  are  fully  aft.  10 
parameters  will  then  be  recorded  over  a  6  second  period  and  either  averaged  or  all  6  values  stored.  Thlc 
snapshot  data  will  be  dotmloaded  to  UZMS  where  a  Rolla  Royce  provided  analysis  routine  will  be  used  to 
determine  the  engine's  performance.  This  could  be  particularly  relevant  where  a  hover  performance  was 
below  specification  but  the  snapshot  data  analysis  Indicated  that  the  engine  was  above  the  minimum 
acceptable  power.  This  would  ellminace  Che  engine  as  being  Che  prime  suspect  and  would  immediately 
direct  the  fault  finding  to  the  airframe.  Converaely,  the  indication  of  a  deteriorating  engine  from  this 
analysis  could  trigger  either  an  engine  inspection  or  an  unscheduled  hover  performance  check.  Again,  by 
providing  early  warning  of  an  engine's  deterioration,  maintenance  personnel  may  be  able  to  reduce  the 
impact  of  an  engine  change  on  a  squadron's  programme.  Furthermore,  selecting  aircraft  Co  go  on  exercises 
where  maximum  performance  is  required  will  become  relatively  easy.  No  doubt  aircrew  will  pay  particular 
attention  to  theae  outputa  to  bid  for  the  jet  with  the  beat  performance! 

4.0  TOCAMO  T  MKl 


4.1  The  Tucano  on-board  ayatem,  called  the  Airborne  Integration  Monitoring  Syatem  (AIMS),  comprlsea  a 
Data  Acquisition  and  Processing  Unit  (OAPU)  and  an  Accident  Data  Recorder  (ADR).  The  OAPU,  which  la 
analogous  to  the  Harrier  EMU,  la  downloaded  to  a  Data  Extraction  Unit  (DBU)  which  in  turn  will  download 
into  the  Tucano  Information  Management  System  (TINS).  The  DAPU  carries  out  engine  Ilflng,  but  In  a 
simpler  form  chan  that  used  In  the  Harrier  EMU,  and  also  replaces  the  traditional  fatigue  meter,  or  more 
correctly  the  counting  accelerometer.  The  DAPU  also  has  an  exceedance  detection  and  logging  facility  but 
does  not  collect  raw  data  following  an  exceedance.  Finally,  a  performance  snapshot  la  taken  on  the  first 
occasion  in  each  sortie  t^en  the  aircraft  climbs  through  5000  feet. 

4.2  The  major  differences  in  TIMS  compared  with  MIMS,  la  the  ability  to  handle  airframe  fatigue  data. 

The  "g’'  counts  are  scored  and  converted  to  fatigue  index  (FI)  readings  using  a  simple  fatigue  algorithm. 
The  raw  "g**  counts  are  still  passed  back  to  MACE  for  the  full  rigorous  FI  calculation.  To  overcome  the 
problem  of  "the  original  aircraft  with  3  diffexant  wings,  2  different  fuselages  and  I  different 
Cailplane"  the  history  of  each  of  these  major  components  Is  Cracked  within  TIMS  automatically.  It  is, 
therefore,  a  simple  matter  to  determine  the  true  life  of  a  wing,  say,  even  when  it  has  been  used  on 
several  different  aircraft. 


5.0  LESSONS  LEARNED 

SYSTEMS  APPROACH 


5.1  The  most  obvious  lesson  to  be  learned  from  the  experience  with  HIMS  and  TIMS  is  Che  reiteration  of 
Che  use  of  the  systems  approach  to  introducing  new  technology.  This  is  to  use  the  word  "system**  in  Its 
widest  form  by  which  I  mean  the  inclusion,  or  consideration,  of  any  relevant  fsetor.  By  its  very  nature, 
the  "aystem"  starts  by  the  customer  considering  the  performance,  readiness  requirement,  ie  aircraft 
availability,  and  life  cycle  costs  he  requires  from  the  aircraft*  From  this  can  be  defined  the 
engineering  philosophy  required  which,  in  turn,  defines  the  type  of  information  which  must  be  acquired 
on-board  to  support  the  appropriate  ground  based  engineering  functions. 

5.2  The  importance  of  the  ground  atatlog  cannot  be  stressed  too  highly  and  considerable  effort  should  be 
expended  in  defining  its  requirements.  These  requirements  should  then  drive  Che  definition  of  the 
airborne  system.  Of  course,  it  could  be  that  existing  or  projected  technology  cannot  support  the 
required  functions  ie  it  may  not  be  feasible  to  collect  some  data,  in  which  case  a  compromise  between 
trhat  is  required  and  what  is  technically  feasible  will  be  necessary. 

5.3  It  is  Importsnt  at  this  stage  to  recognise  that  It  Is  essential  to  have  some  means  of  uniquely 
tagging  Information  gathered.  The  least  ambiguous  way  is  to  use  time  tagging  which  Implies  a  real  time 
clock  (RTC)  somewhere  in  the  monitoring  system.  For  advanced  aircraft  designs  using  data  buses,  a  single 
RTC  in  the  aircraft  will  suffice.  For  less  complex  aircraft,  or  in  the  retrofit  case,  it  is  essential  to 
have  a  RTC  in  the  monitoring  equipment  even  if  this  means  having  to  accept  the  penalty  of  changing  a 
battery  every  3  to  5  years. 

INTEGRATION  WITH  OTHER  SYSTEMS 


5.4  Many  military  air  arms  these  days  have  a  computerised  engineering  database.  Some  operators  will  be 
tempted  to  include  the  functions  of  the  IKS  into  their  existing  fsctllties.  Whilst  this  may  bs  possible, 
a  more  attractive  solution  is  to  design  a  dlatilbuted  processing  system  end  define  either  the  data 
transfers  required  or,  better  still,  utilise  an  Open  System  Architecture*  This  implies  use  of  operating 
systems  such  as  UNIX  or  PICK.  The  great  advantage  of  following  this  route  la  that  the  eeme  software  can 
run  on  any  hardware  which  can  run  UNIX  or  PICK.  This  la  a  very  important  conalderation  as  software  coats 
far  outweigh  hardware  coats  these  days  and  It  la  likely  that  hardware  will  require  replacement  every  5  to 
10  years. 
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yUMCTIOMAL  REQUimCffr  SPBCIFICATIOMS 

5*5  Hcviag  l«id  the  foundation*  of  a  ayataa,  it  la  ebon  tine  to  begin  producing  the  functional 
requlrmant  specification  (FRS)*  It  la  vitally  i^ortant  to  gat  the  FSS  aa  accurate  aa  poaalble.  The 
penalty  for  Inaccuracy  and  anblgulty  la  a  very  aKpenslve  rework  of  the  software  at  a  later  stage- 
Producing  a  F18  la  an  activity  that  auat  involve  the  end-user  In  a  considerable  anount  of  effort. 
Otherwise,  there  la  the  danger  of  an  avalanche  of  nodlflcatlona  being  required,  at  great  expense, 
aa  soon  as  the  systen  enters  service  as  the  user  finds  that  the  software  doesn't  work  In  the  way  he 
wanted,  or  expected.  It  to. 

5*6  It  la  at  this  stage  that  all  the  Interface  requlrenents  should  be  Identified.  Soae  Interfaces  will 
be  satisfied  with  nerely  a  transfer  of  data  using  sons  fom  of  Magnetic  nedla.  Other  Interfaces  nay 
require  direct  on-line  data  transfer.  There  nsy  be  conflicting  operational  requlrenents  between  systens 
with  sone  only  updating  databases  in  batch  processes  and  others  relying  on  real  tine  updates.  This 
inplles  sone  fom  of  "data  drag"  and,  hence,  the  2  databases  will  only  be  in  synchronisation  once  or 
twice  a  day.  It  Is  eost  unlikely  that  all  data  held  in  distributed  databases  needs  to  be  transferred 
between  then.  Sather,  those  data  fields  whose  transfer  is  essential  should  be  identified,  and  they 
should  confom  to  a  standard  fomac.  The  use  of  standard  Data  Dictionaries  within  the  ranges  of  systens 
being  linked  will  greatly  ainplify  this  process. 

5.7  Another  fom  of  "data  drag"  is  caused  when  aircraft  operate  away  fron  base  and,  for  various 
reasons,  the  paper  records  take  sone  tine  to  return  to  the  host  unit.  This  can  give  rise  to 
several  problens: 

a.  Sone  aircraft  sortie  details  will  not  be  available  for,  say,  up  to  3  nonths. 

b.  A  nonitored/lifed  iten  has  been  changed  on  the  aircraft  and  neither  the  on-board  systen  nor  the 
ground  ayatea  is  updated  with  the  change. 

c.  A  nonitored/lifed  iten  has  been  changed  and  the  on-board  systen  is  updated 
but  the  ground  systen  is  not. 

5-8  For  the  first  case,  allowance  needa  to  be  made  for  "dunny"  or  estlnated  details  to  be  entered  to 
allow  the  database  to  function  until  the  real  details  arrive.  The  database  then  needs  to  be  "rolled 
back"  to  the  area  to  be  corrected,  and,  having  Input  the  correct  details,  the  database  nust  then  be 
"rolled  forward"  and  carry  out  any  necessary  changes  resulting  fron  the  input  of  the  real  data. 

5.9  For  the  second  case,  the  sane  "rolling  back",  correcting  and  "rolling  forward"  of  the  database  la 
required.  However,  an  additional  requlrenent  is  to  reflect  the  changes  in  Ilfed/nonltored  conponents 
removed  fron  and  fitted  to  Che  aircraft.  This  Is  to  enable  the  correct  allocation  of  life  consumed  by 
Che  old  and  new  parts.  The  RTC  is  invaluable  in  sorting  out  this  type  of  problem,  always  assuming  that 
the  correct  cine  has  been  used  on  the  aircraft  work  sheets  which  recorded  the  conponent  change. 

5. 10  In  Che  third  case,  the  ground  station  software  should  trap  the  error  as  there  will  be  a 
discontinuity  in  the  life  usage  readings  of  Che  affected  conponent. 

5.11  When  raw  data  Is  collected  to  assist  in  the  diagnosis  of  incidents  then,  there  Is  further  scope  for 
expensive  errors  to  be  made.  The  manner  in  which  the  basic  data  frame  Is  composed  and  handled  should  be 
unambiguously  stated.  For  Instance,  if  a  data  frame  comprises  a  number  of  sub-frames,  both  the  on-board 
system  and  the  ground  system  should  handle  the  data  either  by  frame  number  of  by  sub-frame  number.  An 
obvious  statement  but  one  which  should  not  be  Left  unstated. 

5.12  Equally,  once  the  aircraft  Is  in  service.  It  nay  be  necessary  to  change  the  data  frame  format  to 
permit  the  capture  of  additional  parameters  or  to  increase  the  sampling  rate  of  a  particular  parameter. 
This  should  be  allowed  for  within  the  design  of  both  air  and  ground  systens.  A  possible  solution  is  for 
the  airborne  system  to  contain  the  frame  format  standard  In  a  byte  In  the  data  frame  and  for  the  ground 
station  to  read  this  byte  before  inplemeoting  the  appropriate  decode  sequence  for  that  particular  data 
frame  format.  This  will  enable  incident  data  with  different  frame  formats  to  be  automatically  decoded 
correctly. 

SOFTWARE  COWSIDERATIOWS 


5*13  A  recent  alternative  to  a  rigorous  FRS  la  to  "prototype"  the  system.  Tse  of  modern  fourth 
generation  language  (4GL)  packages  allow  the  rapid  creation  of  a  "prototype"  system  which  can  be  shown  to 
the  user  for  comment.  Froceedlng  in  an  iterative  process  leads  eventually  to  the  creation  of  the  FRS. 

It  Is  difficult  to  say  which  of  the  2  systems  is  the  better  other  than  when  first  creating  a  ground 
station  the  prototyping  option  can  offer  advantages  by  shoving  the  software  in  action.  This  can  trigger 
thoughts  on  how  to  use  the  system  which  would  not  have  come  to  light  until  sone  operating  experience  had 
been  gained  with  the  system.  Additionally,  interfaces  will  be  more  easily  Identified  as  the  system  Is 
run. 

5.14  The  use  of  a  modem  461.  Relational  Databese  Management  Systen  (RDBMS)  can  have  a  most  beneficial 
effect  on  the  speed  of  software  implementation  and  hence  on  the  overall  cost  of  the  development,  it 
la  important  to  evaluate  the  available  RDBMSs  to  ensure  chat  the  most  appropriate  one  is  chosen  for  the 
task.  This  will  depend  on  a  number  of  factors  such  aa  the  siae  of  the  database,  the  anount  of  data 
processing  envisaged,  the  speed  of  response  required,  Che  type  of  queries  likely  to  be  Instigated  and 
the  ability  of  the  package  to  interface  with  other  software  packages.  Of  particular  importance  la  the 
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typ*  of  query  likely  to  be  ueed.  Very  ofcea  it  le  oot  until  e  eyetea  bee  been  ruiming  for  eoae  tlae  thet 
it  becoaee  deer  tbet  e  pertleuler  query  fuitctioa,  ubieh  would  be  very  ueeful,  wee  not  specified  et  the 
stert  •  An  ezeaple  could  be  the  ef teraecb  of  e  turbine  disc  failure  where  a  life  reduction  Is  required 
pending  the  resolution  of  the  problM*  The  question  the  engine  fleet  neneger  nost  wants  answered  is  "iiow 
■any  engines  ere  et  risk  end  whet  effect  would  e  snail  variation  in  the  life  cleared  have  on  ny 
operations?”  Now,  a  flexible  and  well  designed  eyetea  could  be  easily  aodlfied  to  cope  with 
such  a  query  idiereaa  a  leas  flexibly  constructed  eyetea  would  asrely  Increase  the  frustration  of  the  hard 
pressed  aanager  by  being  unable  to  provide  such  data  without  resorting  to  aanually  sifting  through  a  host 
of  outputs  which  contain  the  answer  soaewhere  in  thea* 

CHOICE  OF  HABDUASK 

5*13  The  reader  will  note  that  the  choice  of  hardware  is  left  until  last.  This  is  entirely  deliberate 
and  serves  to  show  how  the  Influence  of  hardware  has  waned  with  the  advent  of  Open  Systeas  Architecture 
(OSA).  The  choice  of  hardware  then  is  dependent  on  the  following  factors: 

a*  Will  the  hardware  support  OSA? 

b«  Hill  the  selected  ROBMS  run  on  the  hardware? 

c.  How  fast  will  the  hardware  run  when  subject  of  a  recognised  benchaark? 

d*  Is  there  a  recognised  interface  package  to  allow  the  chosen  hardware  to  Interface  with  other 
existing  syeteaa? 

e*  Does  the  hardware  support  colour  graphics? 

5«16  Having  addressed  the  above  points  satiefactorily  the  hardware  nay  be  procured  and  the  software 
developaent  can  start  In  earnest. 


6.0 


CQNCLUSIOHS 


6.1  When  designing  an  aircraft  aonitorlng  systen,  the  design  starts  with  the  consideration  of  the 
tdiole  systen.  This  eeans  considering  how  it  Is  intended  to  nalntaln  the  aircraft,  what  Level  of 
aircraft  availability  is  required  and  the  life  cycle  costs  envisaged  by  the  aircraft  operator.  Failure 
to  do  so  will  result  in  a  situation  arising  tdiereby  it  will  not  be  possible  to  obtain  the  optleun 
advantage  fron  the  Investnent  In  the  aonltoring  systen.  Indeed,  in  the  worst  scenario.  It  Is  possible 
to  find  that,  unless  considerable  suas  of  atoney  are  Invested,  the  aonitorlng  system  becones  virtually 
unnanageablc . 


7.0 


RECOMMKMDATIONS 


7.1  During  the  developaent  of  Inforoation  tsanageaent  systeas  for  use  in  allltary  aircraft  with 
Bonltorlng  systeas  le  has  been  found  that  the  following  "code  of  practice”  can  yield  very  great  benefits 
in  terms  of  maximising  the  expected  benefits: 

a.  Adopt  a  "systems  approach"  when  analysing  the  requirements  for  a  monitoring  system. 

b.  Specify  a  real  time  clock  In  the  airborne  systen  to  time  tag  all  relevant  data. 

c.  Determine  the  extent  to  which  Integration  with  other  ADP  systeas  Is  required. 

d.  Consider  the  use  of  Open  System  Architecture. 

e.  Rigorously  identify  the  functional  requirements,  particularly  the  Interfaces  which  will  be 
required.  Alternatively,  consider  "prototyping"  the  system. 

f.  Bvsluate  and  choose  the  most  suitable  database  management  system  besrlng  in  mind  the 
coosldexable  advantages  offered  by  fourth  generation  language  packages.  Aim  for  maximum  flexibility 
in  the  database. 

g.  Evaluate  and  choose  the  nost  suitable  hardware  to  run  the  chosen  software  aiming  to  meet  the 
requirements  for  speed  of  operation  with  the  chosen  software,  interface  requirements  with  other 
hardware  and  VDU  attributes. 

7.2  Adherence  to  the  above  code  does  not  sut<»stlcsil7  guarantee  succese  but  at  least  the  major  problems 
will  have  been  sddreeeed. 


The  views  sxprsssed  are  those  of  the  author  and  do  not  necessarily  represent  the  policy  of  the  Ministry 
of  Defence. 

Copyri^t  (C)  Controller  RKSO  London  1986. 
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HIMS  OVERVIEW 


EMU 

t  f 

DRU 


DISCUSSION 


C.M.  O'CONNOR 

What  ■eaaurea  exist  to  validate  data  transferred  to  the  HIMS  and  what 
procedures  are  there  to  secure  it  fro*  unauthorised  access. 

Author's  Reply: 

Firstly,  during  data  transfer  fro*  the  aircraft  to  the  Data  Retrieval 
Unit,  Manchester  II  protocol  is  used  to  ensure  that  no  data  corruption 
occurs  even  when  this  operation  takes  place  in  a  high  Electrooagnetic 
environnent.  When  transferring  data  fro*  the  DRU  to  HIMS  there  is  no 
need  for  data  validation.  Once  the  data  is  on  HIMS,  the  system  checks 
the  airfrsae  and  engine  nuaber  with  that  listed  on  the  database  and 
warns  the  operator  of  any  error.  Currently  no  other  data  validation 
la  carried  out.  However  should  in-service  operation  indicate  chat 
further  validation  is  required,  appropriate  validation  checks  will  be 
introduced  later. 

Security  is  maintained  by  use  of  passwords. 

M.J. FLEMING 

How  is  data  retrieval  managed  whilst  the  aircraft  spends  prolonged 
periods  away  from  home  care? 

Author's  Reply: 

When  the  HARRIER  is  operated  away  from  its  base,  after  downloading  data 
to  the  DRU,  data  is  transferred  to  a  cassette  tape.  Data  integrity  is 
ensured  by  a  write,  read,  verify  sequence  and  by  use  of  data  buffers. 

The  cassettes  are  then  transferred  to  base  and  read  into  HIMS. 

If  the  aircraft  are  deployed  to  another  base  it  is  possible  to  position 
a  spare  HIMS  computer  system  and  transfer  data  by  means  of  floppy  discs. 


D.E.  COLBOURNE 

We  have  heard  earlier  of  the  great  usefulness  of  vibration  monitoring- 
but  of  its  reputation  for  unreliability-  does  your  off-aircraft  analysis 
system  have  any  benefits  to  offer? 

Author's  Reply: 

We  have  planned  to  carry  out  vibration  analysis  within  HIMS.  However 
we  found  that  the  data  captured  did  not  link  shaft  speed  with  vibration 
amplitude  uniquely.  Thus  il  is  not  possible  at  the  moment  to  utilise 
the  data  to  the  extent  originally  envisaged. 
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SUmARY 

The  Canadian  Forces  have  adopted  a  conditional  maintenance  concept  for  the  engines 
of  the  CP-18  filter  aircraft.  In  support  of  this  concept,  advanced  engine  performance 
mooltoclng  procedures  are  being  develop^  to  track  the  general  performance  level  of  each 
angina  and  Identify  problanatlc  engine  components.  The  procedures  are  based  on  take-off 
ground  roll  data  recorded  by  the  aircraft  In-Flight  Engine  Condition  Monitoring  System 
and  steady-state  data  obtained  from  automated  Engine  Test  Facilities.  The  development 
and  field  evaluation  of  these  procedures  is  described.  A  discussion  of  future  develop¬ 
ment  work  and  related  research  activities  is  also  Included. 


NOMENCLATORE 

Ag  -  exhaust  nozzle  area 

CVG  -  compressor  variable  geometry 
position 

FVG  -  fan  variable  geometry  position 
Fg  -  gross  thrust 
MIC  -  main  fuel  control 
N  -  rotor  speed 
**des  ~  design  point  rotor  speed 
Nj  -  fan  rotor  speed 
N]  -  compressor  rotor  speed 
-  engine  inlet  pressure 
P33  -  compressor  delivery  pressure 

Pgg  -  exhaust  gas  pressure 


PR  -  pressure  ratio 

PR^es  '  design  point  pressure  ratio 

PLA  -  power  lever  angle 

0  -  turbine  flow  parameter,  W/T/P 

-  design  point  turbine  flow 
parameter 

Tj  -  engine  inlet  temperature 

Tgg  -  exhaust  gas  temperature 

N3  -  engine  airflow 

Nfg,  -  main  fuel  flow 

e.  -  inlet  temperature  correction 

factor  Ti/288  X 

-  inlet  pressure  correction  factor, 
Pj/l  bar 


INTRODUCTION 

The  General  Electric  F404-(X-400  engines  of  the  CF-18  are  the  first  Canadian 
military  engines  to  be  maintained  under  a  formal  *on-condltlun*  maintenance  program. 
Under  this  program,  maintenance  actions  are  dictated  largely  by  direct  or  indirect 
measurements  of  actual  engine  condition;  hence,  advanced  condition  monitoring  and  fault 
isolation  capabilities  are  required  to  ensure  that  engine  and  aircraft  availability 
targets  are  mot. 

The  F404  is  a  low  bypass,  twin-spool  turbofan  engine  with  a  mixed  flow  exhaust  and 
afterburning.  The  engine  is  typical  of  modem  military  gas  turbines,  employing  variable 
fan  and  high  pressure  compressor  geoaietry  to  obtain  a  high  compression  ratio  and  a 
variable  ares  exhaust  nozzle  to  optimize  engine  performance  over  a  wide  operating  range. 
The  layout  of  the  F404  la  presented  in  Figure  1  which  also  defines  the  angina  station 
numbering  used  for  performance  analysis. 
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Operational  P404  engine  condition  monitoring  Is  provided  by  the  aircraft's  In- 
Fllght  Engine  Condition  Monitoring  System  (IBCMS).  The  IBCMS  continuously  monitors 
several  different  engine  and  aircraft  performance  parameters,  evaluates  engine  component 
life  usage  indices,  activates  cockpit  cautions  and  sets  maintenance  codes  whenever  an 
engine  operating  limit  la  exceeded,  and  sutoaiatlcally  records  engine  performance  data  on 
a  removable  tape  cartridge  for  post-flight  analysis  [1],  Each  CF-lS  main  operating  base 
Is  also  equlpp^  with  a  modern  Engine  Test  Facility  (ETF),  capable  of  both  on-wlng  and 
off-wlng  engine  performance  verification  tasting. 

In  1985,  the  Canadian  Forces  (CF)  contracted  with  GasTOPS  Ltd.  to  develop  engine 
performance  trending  and  troubleshooting  procedures  based  on  the  Information  available 
from  the  CF-18  lECMS  and  ETF.  To-date,  software  has  been  developed  which  enables  engine 
maintenance  technicians  to  access,  display,  analyze  and  print  the  various  data  record¬ 
ings  provided  by  the  IBCMS,  to  track  the  performance  of  individual  engines  based  on 
engine  health  Indices  derived  from  the  IBCMS  take-off  recordings  and  to  identify 
specific  engine  problems  using  steady-state  engine  performance  data  recorded  In  the 
ETF. 


This  paper  describes  the  development  and  In-service  evaluation  of  the  CF-18  engine 
performance  monitoring  procedures.  The  direction  of  future  development  work  Is  also 
discussed. 


OPERATIONAL  PBRFOBMAWCE  MOMITORIKG 

The  CF-18  lECMS  records  F404  engine  performance  data  automatically  during  the 
ground  roll  of  each  aircraft  take-off  and  whenever  an  engine  operating  limit  (fan  speed, 
compressor  speed,  exhaust  gas  temperature,  oil  pressure  or  vibration)  Is  exceeded. 
Additionally,  a  pilot  record  button  feature  enables  engine  performance  data  to  be  cap¬ 
tured  on  an  as  required  basis.  The  exceedance  and  pilot-activated  recordings  are  com¬ 
prised  of  5  seconds  of  pre-event  and  is  seconds  of  post-event  data.  The  take-off 
recordings  begin  when  the  engine  power  lever  Is  advanced  to  the  take-off  power  setting, 
end  when  the  aircraft  lifts  off  and  are  typically  6  to  10  seconds  in  duration.  Table  l 
summarizes  the  major  parameters  which  are  recorded  by  the  IBCMS  and  the  frequency  of 
each  recording. 

The  development  of  operational  CF-18  engine  performance  monitoring  procedures  has 
centred  on  the  take-off  recordings.  In  general,  these  recordings  capture  the  dynamic 
response  of  the  engine  to  a  rapid  throttle  movement  from  Idle  to  the  take-off  power 
setting.  Figures  2(a)  and  2(b)  Illustrate  two  representative  parameter  versus  time 
traces,  fuel  flow  (Wfm)  and  compressor  rotor  speed  (N2)-  obtained  from  an  lECMS  take-off 
recording.  it  Is  evident  from  the  figures  that  the  engine  Is  In  a  transient  state 
throughout  the  take-off  ground  roll.  To  make  use  of  the  take-off  data  for  engine 
performance  monitoring  purposes  it  Is  therefore  necessary  to  relate  engine  condition  to 
the  dynamic  behaviour  of  the  engine  as  exhibited  by  the  take-off  recordings. 

The  use  of  transient  data  for  engine  performance  monitoring  has  received  relatively 
little  attention  by  monitoring  system  developers.  At  the  present  time,  the  dynamic 
behaviour  of  gas  turbines  (and  In  particular  complex  engines  such  as  the  F404)  under 
degraded  conditions  Is  not  well  understood  and  the  requirements  of  an  airborne  measure¬ 
ment  system  suitable  for  transient  performance  monitoring  have  yet  to  be  established. 
In  the  case  of  the  CF-18  lECMS,  It  is  therefore  reasonable  to  assume  that  the  lEOtS 
take-off  recordings  have  been  Included  because  of  their  perceived  usefulness,  rather 
than  on  the  basis  of  a  proven  performance  monitoring  capability. 

This  situation  clearly  complicates  the  task  of  developing  reliable  performance 
monitoring  procedures  based  on  the  CF-18  take-off  recordings.  For  example,  the  data 
capture  algorithm  used  by  the  lECMS  does  not  account  for  any  variability  In  the  starting 
conditions  of  the  transient;  however,  depending  on  how  a  take-off  Is  executed,  the 
starting  engine  speed  can  vary  between  ground  Idle  and  approximately  90%  Hi.  Because  of 
the  variable  geometry  features  of  the  engine,  the  dynamic  resigonse  of  the  engine  will 
also  be  dependent  on  ambient  temperature.  The  accuracy  of  the  transient  measurements 
must  be  considered  as  well.  For  Instance,  the  parameter  versus  time  plots  of  Figure  2 
Indicate  that  data  must  be  filtered  or  smoothed  to  eliminate  signal  noise  and  sampling 
rate  problems.  The  data  smoothing  techniques  presently  employed  are  summarized  In  Table 


In  spite  of  the  difficulties  described  above,  a  number  of  relatively  simple  "engine 
health  Indices*  have  been  derived  from  the  CF-18  engine  take-off  recordings  and  are 
presently  under  evaluation.  For  example; 

1.  Fuel  Ratio  units;  During  a  rapid  acceleration  from  ground  Idle  to  take-off, 
tSe  aialK  fuel  control  (MFC)  provides  fuel  to  the  engine  according  to  a  pre¬ 
defined  fuel  ratio  unit  (Mfm/Fg})  schedule.  This  scheme  Is  affected  some¬ 
what  t/y  ambient  temperature,  but  is  Independent  of  the  starting  speed  of  the 
transient.  Hence,  It  Is  reasonably  repeatable  from  one  take-off  to  another. 
Examination  of  the  Mb/Ps3  versus  Kg  relationships  for  a  large  number  of  take¬ 
offs  Indicates  that  the  fuel  ratio  unit  curves  msy  be  useful  in  Identifying 
problasMtlc  fuel  control  cosvonents.  Figure  3  shows  two  fuel  ratio  unit 
curves,  one  taken  before  and  the  other  after  an  NFC  removal  from  an  angina 


7-3 


wfalch  Mparlaacad  a  flaawout  on  startup.  Tha  ovarfualllng  vfaicb  occurrsd 
prior  to  tha  flaaiaout  Incident  la  claarly  evident.  For  field  evaluatlm 
purposes,  tbs  fuel  ratio  unit  values  at  81%  and  87%  N2  are  presently  being 
■onltorad. 

2.  Botor  Acceleration  Tlaiea:  Twaadlately  following  a  rapid  throtUe  advance  to 
the  takeoff  power  saiting,  tha  variable  exhaust  nossle  of  tha  P404  aovas  to  a 
coa^etaly  closed  position  and  rasialns  closed  until  the  exhaust  gas  tsa^era- 
tura  llialt  of  tha  angina  Is  approached.  It  has  bean  datenalned  that  the  fan 
and  coa^resaor  rotor  acceleration  tlxMS  during  the  interval  whan  tha  noxxla  Is 
closed  are  quite  consistent,  Irragardlsss  of  tha  starting  conditions  of  the 
transient.  Furthemore.  as  Indicated  In  Figure  4,  the  rotor  acceleration 
tinea  are  also  sensitive  to  fuel  control  adjustnents.  The  usefulness  of  tha 
acceleration  tlaws  as  Indicators  of  additional  engine  problans  Is  presently 
being  evaluated. 

3.  Coaipreasor  Delivery  Pressure  also  Tine;  Figures  S(a)  and  S(b)  show  tha 

compressor  delivery  pressure  traces  for  tha  left  and  right  hand  engines  of  an 
aircraft  which  experienced  severe  blade  danaga  to  tha  HP  compressor  of  Its 
left  angina.  Tha  divergence  of  the  left  and  right  traces  following  the  damage 
la  clearly  vlalbla.  As  a  mean  of  detecting  cold  end  gas  path  problems,  tha 
difference  between  left  and  right  band  angina  P33  rise  times  (time  to  reach 
250  pal)  la  presently  being  evaluated.  By  coaparlng  left  and  right  hand 
angina  values,  take-off  to  take-off  variations  are  minimized.  Figure  6 
presents  a  number  of  data  points  taken  from  a  single  aircraft  over  a  period  of 
3  months.  Tha  changes  In  relative  angina  performance  following  each  engine 
removal  are  quite  pronounced.  It  la  felt  that  tha  magnitude  of  performance 
changes  due  to  engine  condition  degradation  will  be  similar  to  or  greater  than 
tha  engine- to-anglne  variations  shown  In  Figure  6;  hence,  engine  performance 
trends  should  be  detectable. 

Tha  analysis  of  CF-18  engine  take-off  data  has  resulted  In  benefits  to  other  (7-18 
Engine  Health  Monitoring  programs  as  well.  For  Instance,  It  has  been  determined  that  N2 
signal  noise  can  cause  erroneous  values  of  tha  H2  low  cycle  fatigue  counts  to  be 

recorded  by  tha  IBCMS.  Strictly  speaking,  tha  left  and  right  hand  engine  partial  N2 

counts  for  a  given  aircraft  should  be  similar  or  Identical.  Howaver,  a  mlsslon-by- 
mlsalon  analysis  of  CF-18  engine  life  usage  data  and  take-off  performance  recordings  has 
revealed  that  one  angina  can  accumulate  partial  N2  cycle  counts  at  a  significantly 
higher  rate  than  the  other  (by  as  much  as  a  factor  of  8)  as  a  result  of  a  noisy  N2 
signal. 

TBST  CELL  DIAGiWSTICS 

The  highly  modular  design  of  the  F404-GE-400  has  enabled  the  Canadian  Forces  to 
establish  an  In-depth  repair  capability  for  these  engines  In  the  field,  in  support  of 

these  repair  activities,  modern  Engine  Test  Facilities  have  been  constructed  at  each  (7- 

18  main  operating  base.  Bach  BTF  is  capable  of  comprehensive  engine  functional  and 
performance  verification  testing  for  both  Installed  and  uninstalled  engine  configura¬ 
tions.  Data  acquisition  and  processing  Is  accomplished  by  a  computer-based  system  which 
Interactively  leads  the  operator  through  the  required  teat  schedules,  displays  the  test 
results  and  stores  the  test  data  on  magnetic  disk  for  future  reference.  The  test  sched¬ 
ules  and  performance  specifications  provided  by  the  manufacturer  are  used  to  ensure  that 
each  engine  Is  capable  of  meeting  minimum  performance  requirements.  In  the  event  that 
an  engine  falls  to  meet  these  requirements,  however.  It  Is  often  difficult  to  pinpoint 
the  causa  of  a  performance  deterioration. 

The  Engine  Laboratory  of  the  National  Eesearcb  C^nincll  of  Canada  and  (;asTOPS  Ltd. 
have  demonstrated  that  component-based  thermodynamic  engine  models  provide  a  systematic 
means  of  Investigating  performance- related  gas  turbine  engine  problems  [2,  3].  The 
Engine  Laboratory  has  successfully  developed  these  models  for  a  variety  of  military  gas 
turbines  Including  the  F404-<3E-400  engine.  ■Component-based’  Implies  that  the  overall 
engine  model  Is  comprised  of  Individual  component  performance  models.  For  the  F404 
engine  this  amounts  to  separata  models  for  the  fan,  HP  compressor,  combustor,  HP 
turbine,  LP  turbine,  bypass  duct,  mixing  duct,  propelling  nozzle  and  variable  geometry 
control  systean.  if  suitable  performance  characteristics  for  these  components  can  be 
estimated,  engine  performance  over  a  wide  range  of  operating  conditions  can  be  pre¬ 
dicted.  Furthermore,  having  established  a  component-based  engine  modal,  the  Influence 
of  specific  modes  of  cosqmnent  degradation  oa  overall  engine  performance  can  be  investi¬ 
gated  by  appropriately  modifying  the  Individual  component  characteristics. 

A  major  obstacle  to  the  development  of  component-based  engine  models  is  the  lack  of 
available  component  data.  These  data  are  usually  proprietary  to  tha  engine  manufacturer 
and,  with  the  scant  Information  which  Is  normally  provided,  tha  estimation  of  suitable 
component  characteristics  remains  a  difficult  task.  For  tha  F404  angina,  adequate 
representations  of  the  turbine  and  nozzle  characteristics  were  obtained  using  relative 
scaling  techniques  such  as  the  turbine  flow  and  efficiency  correlations  shown  In  Figures 
7(a)  and  7(b).  Tliasa  techniques  are  Inadequate,  however,  for  the  variable  gaoamtry  fan 
Md  HP  comprwsor  of  the  F404.  For  these  comments  a  more  sophisticated  parforiMnca 
Mtlawtion  method  was  developed  whereby  Idealized  stage  performance  characteristics  ware 
Inferred  from  known  operating  data  and  a  saanllna  stage-stacking  procedure  was  used  to 
estimate  overall  fan/cmpressor  pacfotmance  (4J.  Figure  8  presents  the  estimated  pres- 
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sura  ratio  varoua  floa  cbacacterlstlca  of  tba  F404  fan.  Froa  tba  figura  It  la  claarly 
avldant  that  tha  varlabla  gaoMtry  syataai  has  a  pronouncad  affact  on  fan  parfonnanca. 


Tfaa  pradlctlona  of  tha  F404  angina  modal  ara  ccnpared  to  data  provided  by  the 
National  Research  Council  In  Figures  9(a)  and  9(b).  As  Indicated  In  these  figures,  the 
slJBulatad  parformanca  pradlctlms  shoa  remarkably  good  agraemant  with  tha  test  data. 
Tha  angina  model  Is  thus  a  valid  thsmodynamlc  raprasantation  of  F404-GE-400.  it  is 
capable  of  predicting  angina  parformanca  at  tha  overall  and  conponant  levels  over  a  wide 
range  of  operating  conditions  undar  both  noailnal  and  degraded  conponant  conditions  and 
has  bo«s  used  axtanslvaly  In  tha  davalopmant  of  the  F404  performance  monitoring  proce- 
duras. 

The  use  of  tha  sogina  slaulatlon  for  fault  Isolation  purposes  Is  depleted  In  Figure 
10.  Within  a  specific  data  capture  window,  the  data  acquisition  system  of  the  RTF 
records  the  required  staady-stata  parformanca  parameters.  Tha  subsaquant  processing  of 
these  data  Includes  data  smoothing  and  validity  checks,  correction  for  non-standard 
angina  Inlet  conditions,  coe^rlson  of  maasurad  performance  paramatars  to  baseline 
values  and  evaluation  of  parformanca  deviations  (angina  fault  signature).  Fault  Isola¬ 
tion  la  scconpllshad  by  an  algorithm  which  cemparas  tha  angina  fault  signature  to  a 
library  of  known  or  simulated  fault  signatures  and  produces  a  list  of  most  probable 
faults. 

Tba  scatter  In  the  parformance  data  used  for  fault  Isolation  can  be  greatly  reduced 
by  limiting  data  capture  to  a  spaclflc  ‘window’  of  operation.  For  a  mixed  flow  turlTofan 
such  as  tha  F404,  the  position  of  tha  variable  exhaust  nozzle  has  a  significant  effect 
on  overall  engine  performance.  For  this  reason,  tha  data  used  for  F404  fault  Isolation 
ara  recorded  at  a  part  power  setting  within  the  ‘cruise  flat’  region  of  exhaust  nozzle 
area  schedule,  as  Indicated  In  Figure  ll.  It  Is  also  Important  to  select  a  data  capture 
window  such  that  the  performance  deviations  due  to  an  engine  fault  can  be  readily 
measured.  Figure  12  shows  the  estimated  variation  In  F404  airflow  due  to  a  progressive 
reduction  in  HP  turbine  efficiency.  It  Is  evident  that  tha  airflow  deviations  are 
larger  and  more  consistent  in  the  mid-power  operating  range.  Once  again,  this  behaviour 
can  be  attributed  to  the  Influence  of  tha  varlabla  exhaust  nozzle  on  F404  performance. 

The  second  major  step  In  the  fault  Isolation  process  Is  to  compare  tha  measured 
parformance  data  to  baseline  or  expected  performance  curves.  Strictly  speaking,  the 
relationship  between  any  pair  of  measured  or  calculated  parformance  parameters,  cor¬ 
rected  to  standard  engine  Inlet  conditions,  may  be  used  as  a  baseline.  However,  It  Is 
advantageous  to  limit  the  number  of  baseline  pairs  to  tha  minimum  required  for  effective 
fault  Isolation.  A  detailed  Investigation  of  F404  performance  under  nominal  and 
degraded  conditions  was  conducted  using  the  engine  modal.  Based  on  the  criterion  of 
minimum  performance  variation  with  engine  inlet  temperature  (l.e.  minimum  Influence  of 
the  variable  geometry  systems)  and  maximum  sensitivity  to  engine  component  deteriora¬ 
tion,  the  following  baselines  were  selected: 


The  engine  airflow  (Wi)  and  thrust  (Fg)  measurements  are  available  only  In  the  unin¬ 
stalled  test  configuration. 

Figures  13(a)  and  13(b)  Illustrate  bow  tha  selection  of  a  specific  baseline  can 
reduce  data  scatter  caused  by  the  engine  variable  geometry  system  characteristics.  It 
Is  evident  from  the  figures  that  corrected  thrust  <Fg/<x)  correlates  much  better  with 
corrected  compressor  spaed  (N2/>'9j)  than  with  corrected  fan  speed  (H^/Zs^). 

The  analysis  of  ETF  data  for  a  number  of  serviceable  F404  engines  Indicates  that  a 
considerable  variation  In  engine  performance  can  occur  as  a  result  of  tba  tolerances 
allowed  on  the  setup  of  tJia  variable  geometry  systems.  For  example.  Figures  14(a)  and 
14(b)  Illustrate  the  typical  scatter  obtained  for  HP  compressor  varlabla  geometry 
position  and  engine  thrust  measurement  data.  Because  of  this  data  scatter,  corrections 
for  each  of  tha  swasured  variable  geometry  positions  (FVG,  CVG  and  Ag)  must  be  applied 
to  the  baselines  noted  above.  The  magnitudes  of  these  corrections  were  determined  using 
the  engine  model  predictions  In  conjunction  with  field  measuraments.  The  application  of 
these  corrections  results  In  a  reduction  In  data  scatter  by  a  fa^:tor  of  approximately  2 
to  3. 

Raving  established  a  suitable  set  of  baseline  curves  and  measured  performance 
deviations  away  from  these  curves,  fault  Isolation  Is  acccmpllsbad  by  coaiparlng  the 
deviations  to  a  ’library*  of  estimated  deviations  for  specific  engine  faults.  For  the 
most  part,  the  present  F404  fault  library  has  bean  derived  from  the  engine  model  pre¬ 
viously  described.  Figure  15  svszmarlzea  several  faults  which  have  been  simulated  and 
their  anticipated  affects  on  F404  perforsianes  to  a  fault  matrix  format.  A  probabilistic 
fault  Isolation  algorithm  baa  also  been  davelopad  based  on  tha  assumptions  that  the 
model  predictions  reprasaot  tha  zaan  or  axpacted  values  of  the  performance  deviations 
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and  the  actual  field  data  will  be  dlatrlbuted  nornally  about  thla  naan.  In  thla  nanner, 
the  naasured  parfomanca  devlatlmia  are  uaad  to  aaslgn  a  probability  value  to  each 
candidate  fault. 

A  pralladnaiy  evaluation  of  the  ateady-etate  fault  laolatlon  procedures  has  bean 
conducted  using  data  recorded  by  the  IBCMS  during  special  ground  runs  parfomed  every  25 
flying  hours.  A  control  group  of  a  engines  was  used  and  the  parfomanca  deviations  for 
each  angina  were  tracked  against  flying  hours  for  a  period  of  approximately  18  months. 
Figures  16(a)  and  16(b)  show  two  typical  trend  plots  for  one  of  the  control  group 
engines.  Su^rlsiposad  on  the  plots  are  the  significant  maintenance  actions  which 
occurred  during  the  evaluation  period.  It  Is  evident  from  these  plots  that  the  parfom¬ 
anca  maasuramanta  are  quite  repeatable  and  that  distinct  performance  shifts  can  occur  as 
a  result  of  maintenance.  For  the  moat  part,  the  observed  engine  performance  changes 
could  be  attributed  to  readjustment  of  the  variable  geometry  systams  following  repair. 
In  one  Instance,  however,  an  angina  which  axmrlanced  foreign  object  damage  exhibited  a 
fault  signature  very  similar  to  the  engine  model  predictions. 

Evaluation  of  the  fault  laolatlon  procedures  using  BTF  data  baa  only  recently 
begun.  Software  has  been  developed  which  enables  field  technicians  to  assess  the  gen¬ 
eral  condition  of  an  angina  and.  If  desired,  display  the  angina  fault  signature.  Analy¬ 
sis  of  the  fault  signatures  is  conducted  by  GasTOPS  Ltd.  and  results  to-date  Indicate 
that  a  number  of  common  engine  problams  can  be  detected  with  a  reasonable  level  of 
confidence.  For  example.  Figure  17  shows  a  fault  signature  obtained  from  an  engine 
Immediately  following  a  flameout  In  the  test  cell.  Included  in  the  figure  for  cosiparl- 
son  la  the  predicted  fault  signature  for  an  HP  compressor  variable  geometry  mlsadjust- 
ment,  which  proved  to  be  the  problem  upon  subsequent  troubleshooting.  A  second  example 
la  given  In  Figure  IS.  In  this  case  the  measured  fault  signature  for  an  engine  which 
experienced  severe  HP  compressor  damage  Is  coatpared  to  the  model  prediction  for  a  5% 
reaction  In  HP  compressor  efficiency.  It  Is  noteworthy  that,  with  the  exception  of  fan 
and  nozzle  problems,  the  model  studies  Indicate  that  the  F404  can  sustain  considerable 
damage  to  Its  major  components  and  still  );)ass  the  Engine  Pressure  Ratio  performance 
verification  test.  This  reinforces  the  need  for  an  enhanced  performance  verification 
capability. 

PUTORB  WORK 


The  CF-18  engine  performance  monitoring  procedures  described  in  this  paper  are 
still  undergoing  field  evaluations  and  their  reliability  Is  as  yet  un]cnown.  It  Is 
evident  that  further  development  of  both  the  operational  performance  monitoring  and  test 
cell  diagnostic  procedures  will  be  required  before  they  can  be  fully  integrated  Into  the 
day-to-day  activities  of  the  field  maintenance  [wrsonnal.  In  support  of  these  develop¬ 
ments,  a  number  of  basic  research  activities  have  also  been  Identified. 

Of  fundamental  Importance  to  the  operational  performance  monitoring  program.  Is  an 
improved  understanding  of  F404  dynamic  behaviour  under  both  healthy  and  degraded  engine 
conditions.  The  Engine  Laboratory  of  the  NRC  Is  presently  assessing  the  feasibility  of 
developing  a  dynamic  model  of  the  F404-GE-400.  This  model  will  be  used  In  conjunction 
with  test  cell  experiments  to  Investigate  the  effects  of  common  F404  faults  on  the 
transient  performance  characteristics  of  the  engine.  The  Canadian  Forces  have  dedicated 
a  special  'ground  runner*  engine  to  the  project.  Damaged  components  will  be  Implanted 
by  the  overhaul  contractor  and  testing  Is  expected  to  begin  early  In  1989. 

In  conjunction  with  the  ground  runner  engine  tests,  an  evaluation  of  the  measure¬ 
ment  system  requirements  for  transient  performance  data  analysis  will  also  be  conducted. 
A  prototype  data  acquisition  system  has  been  developed  by  the  NRC  for  F404  performance 
testing  and  will  be  Installed  In  the  overhaul  contractor's  test  cell.  If  possible, 
performance  data  recorded  by  the  NRC  measurement  system  will  be  compared  directly  to 
similar  data  obtained  from  the  aircraft  Maintenance  Signal  Data  Recording  System 
(MSDRS).  From  this  evaluation,  potential  Improvements  to  the  MSDRS  will  be  Identified. 

As  previously  noted,  a  major  Impediment  to  using  the  take-off  recordings  for 
perforsiance  monitoring  Is  the  variability  In  these  recordings  Introduced  by  the  way 
different  pilots  handle  the  aircraft.  As  an  alternative  to  the  take-off  recordings, 
special  ground  runs  have  been  considered,  for  both  transient  and  steady-state  perform¬ 
ance  analysis.  The  present  data  handling  features  of  the  lECMS  (l.e.  cartridge  tape 
data  storage)  make  such  ground  runs  Impractical  on  a  regular  basis.  However,  the 
Canadian  Forces  Is  presently  Investigating  the  possibility  of  a  mobile  engine  test  unit 
which  would  access  engine  performance  data  directly  from  the  aircraft  multiplex  bus.  A 
special  purpose  Interface  between  the  Engine  Test  Facility  computer  and  the  aircraft 
data  bus  has  already  bean  developed  for  Installed  engine  testin'^. 

Future  devalonnant  of  the  test  cell  diagnostic  procedures  will  focus  on  Improve¬ 
ments  to  F404  fault  library.  In  addition  to  field  data  analysis,  the  NRC  Engine 
Laboratory  has  an  ongoing  research  program  aimed  at  quantifying  the  affects  of  common 
engine  problams  on  component  performance  characteristics.  The  basic  approach  to  the 
research  program  Involves  physically  Imbedding  faults  Into  an  engine  and  coaiparlng 
experimental  performance  deviations  to  theoretical  models  of  those  faults.  The  primary 
test  vehicle  for  this  work  at  the  present  time  Is  an  Allison  T56  turboshaft  engine.  T56 
engine  Instrumentation  provides  for  data  collection  at  the  overall  engine,  component  and 
Individual  compressor  stage  levels.  The  stage  level  measurements  enable  the  results 
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obtaliMd  ftoa  T56  taatlng  to  bo  goaorolliad  and  ■uboaquantly  applied  to  otbor  englaea 
such  as  the  F404.  A  Goneral  ■lectrlc  J85-CAM-1S  aoglna  and  the  F404  ground  runnar 
previously  amtlonad  are  also  avallabla  for  axparlsiantal  Investigations.  Using  the 
ground  runnar  engine,  the  Bnglna  Laboratory  Intends  to  correlate  perfomance  neasure- 
■ants  taken  In  each  of  the  CF-18  Bnglna  rest  Facilities  to  reference  neasuraments  taken 
In  an  me  call.  At  the  saaa  tlsw,  teo  additional  F404  sensors  (HP  coaipressor  Inlet  and 
aslt  taaiparature)  which  enhance  the  fault  Isolation  capability  of  the  tost  coll  diagnos¬ 
tic  procedures  will  be  qualified,  currant  test  plans  for  the  J85-(^-15  engine  Include 
fuel  control  unit  and  variable  gaaaetry  systan  fault  studies.  Finally,  the  Engine 
Laboratory  Is  also  evaluating  the  potential  of  a  Icnowladge-based  or  expert  systam 
approach  to  fault  diagnosis  as  a  naaos  of  Integrating  the  F404  fault  library  data  with 
other  angina  condition  data  sources  such  as  oil  debris  analysis  and  vibration  analysis. 

OOWCLOSKhO 

The  CF-18  angina  performance  atonltorlng  procedures  described  In  this  paper  show 
consldarabla  pronlsa  for  assessing  the  general  health  of  the  F404  and  Identifying 
specific  conponant  problaam.  The  davelopawnt  of  these  methods,  to  a  large  extent,  has 
been  made  possible  by  the  availability  of  a  conprohenslva  tharaodynanlc  model  of  the 
engine,  capable  of  Investigating  the  affects  of  angina  degradation  in  a  systamatlc 
manner.  Further  substantiation  and  refinement  of  the  performance  monitoring  procedures 
Is  necessary  before  they  can  be  fully  Integrated  with  existing  field  maintenance  activi¬ 
ties.  In  support  of  this  work.  fundasMntal  research  In  the  areas  of  transient  data 
acquisition  and  analysis  and  gas  turbine  performance  analysis  and  testing  under  degraded 
coaiponant  conditions  Is  planned. 
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Parameter 

Recording 

Freguancy 

Pressure  Altitude  (PALT) 

10  Hz 

Mach  Number  (MN) 

10  HZ 

Angle  of  Attack  (AOA) 

ID  Hz 

Normal  Acceleration  (AN) 

1  Hz 

Total  Temperature  (Tg) 

10  Hz 

Engine  Inlet  Temperature  (T^) 

10  Hz 

Fan  Speed  (Hi) 

10  Hz 

Compressor  Speed  (H^) 

10  Hz 

Exhaust  Cas  Temperature  (Tsg) 

10  Hz 

Exhaust  Gas  Pressure  (Ps6> 

10  HZ 

Compressor  Exit  Pressure  (Pgi) 

10  Hz 

Main  Fuel  Flow  (Hfm) 

10  Hz 

power  Lever  Angle  (PLA) 

10  He 

Nozzle  Position  (Ag) 

10  Hz 

Oil  Pressure  (EOP) 

1  Hz 

vibration  (Vl ) 

1  Hz 

Fuel  Temperature  (TP) 

1  Hz 

Antl-rce  Valve  Position  (AIVP) 

1  Hz 

Bleed  Air  Door  Position  (BADP) 

1  Hz 

Table  1  -  Parameters  Recorded  by  the  lECMS 


Parameter 

Smoothing  Technlgue 

Nl 

Exponential  Curve  Pit 

H2 

Exponential  Curve  Pit 

Wfm 

Splke/Flats  Removal 

Generation  of  )4isslng  Data  Points 
2  point  Moving  Average 

PS3 

2  point  Moving  Average 

2  point  Moving  Average 

PS6 

2  point  Moving  Average 

Table  2  -  lECMS  Take-Off  Data  Smoothing 


X  COMPRESSOR  SPEED.  N2 


Figure  3  -  Fuel  Ratio  unit  Tracoa  Taken  Before  and  After  an  MFC  Failure 


Figure  a  -  Trend  Plot  of  Fan  Rotor  Acceleration  Timea 
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Figure  5 (a)  -  Compressor  Delivery  Pressure  Trace  -  Before  HP  Compressor  Damage 


Figure  5(b)  -  Compressor  Delivery  Pressure  Trace  -  After  HP  Compressor  Damage 


Figure  12  -  Influence  of  HP  Turbine  Efficiency  Degradation  on  F404  Airflow 


X  FAN  SPEED.  N,/>/», 


Figure  13(a)  -  Baaallna  Selection  for  Mlnlimjm  Data  Scatter 


X  COMPRESSOR  SPEED,  N,/VS, 

Figure  13(b)  -  Baaallna  Selection  for  Hinlaum  Data  Scatter 


X  CORReCTCO  COMPRESSOR  SPEED.  Na/vS, 

Plgura  14(a)  -  Typical  Parformanca  Data  Scatter  for  Serviceable  Engioea 


X  CORRECTED  COMPRESSOR  SPEED.  Na/vs, 

Figure  14(b)  -  Typical  PerfoiMace  Data  Scatter  for  Serviceable  Engines 


Basal In* 


Fault 

vs. 

Hj//6i 

M2//ei 

vs. 

M1//61 

V«i 

vs. 

K2/  /81 

V8. 

M2//0 1 

Pss/Pi 

vs. 

H2//81 

T56/91 

vs. 

P56/P1 

H2//ei 

vs. 

P56/P1 

1.  Fan  Flow/Bfflclency 
Degradation 

♦ 

i 

* 

* 

t 

4 

2.  HP  Coaipressor  Flow/ 
Efficiency  Degradation 

— 

♦ 

♦ 

* 

♦ 

♦ 

4 

3.  HP  Turbine  Efficiency 
Degradation 

♦ 

♦ 

t 

♦ 

♦ 

4 

4 

4.  hP  Turbine  Efficiency 
Degradation 

— 

♦ 

* 

4 

5.  Fan  variable  Geometry 
Above  Limits 

♦ 

♦ 

6.  Compressor  Variable 
Geometry  Above  Limits 

* 

♦ 

t 

* 

♦ 

positive  deviation 
negative  deviation 
no  appreciable  deviation 


Figure  IS  -  F401-GB-400  Engine  performance  Fault  Matrix 


ENOINE:  6092  BASCUNC:  N2  v*  Nt 


700.  aOO.  900.  lOOO.  11 OO.  1200.  1300. 

ENOINE  FLYINO  HOURS 

Flgura  16(a)  -  IBCMS  Data  Trend  plot  for  Steady-State  Ground  Runs 
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ENGINE  FLYING  HOURS 


Plgura  16(b)  -  IBCMS  Data  Trend  Plot  for  Steady-State  Ground  Runs 


Engine  S/M:  6060 
Date:  14/11/66 


Fault:  Test  Cell  Flomeout 

Simulated 

Measured  performance 

Performance  Deviation  for 
Baseline  Deviation  6'  CVG  Shift 
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VS 

*2 
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7, 

.9% 

e 

.1% 

*56 

5r 

V8 

^S6 

5r 

0. 

.3% 

-0 

.5% 

"2 

757 

VS 

**56 

-1 

.9% 

-1 
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Figure  17  -  comparison  of  Fault  Signature 
with  Engine  Modal  Prediction 
-  CVG  Fault 


Engine  S/N:  6076 
Date:  30/04/84 

Fault:  HP  Compressor  Blade  Damage 


Baseline 

Measured 

Performance 

Deviation 

simulated 
Performance 
Deviation  for 
5%  Reduction  In 
HP  Compressor 
Efficiency 

M,/e, 

Na 

1  1 

.  VS  1 

0.3% 

-0.6% 

*1 

■  757 

"2 

757 

-0.7% 

-0.5% 

F 

_a 

'1 

2 

12.2% 

6.0% 

"fm 

"2 

75757 

757 

8.0% 

9.6% 

•’S3 

"2 

••l 

757 

8.2% 

9.6% 

*56 

^56 

5r 

VS 

*^1 

2.9% 

5.3% 

"2 

^56 

757 

vs 

-1.8% 

-0.7% 

Figure  is  -  (Tcmparlson  of  Fault  Signature 
with  Engine  Modal  Prediction 
-  HP  Compressor  Fault 


DISCUSSION 

M.  BEAUREGARD 

Is  the  lECHS  only  activated  on  take->off?  Was  it  never  considered 
worthwhile  getting  stabilized  data  at  "SOOOOft"? 

What  do  you  do  about  installation  effects  in  your  Dodel? 

Author's  Reply: 

The  lECMS  records  engine  perforaance  data  each  take-off  and  whenever 
a  paraoMter  liniit  exeedance  is  detected.  The  take-off  recording  was 
developped  initially  to  serve  as  a  go  /  no-go  indicator  for  carrier 
based  take-offs  and  has  subsequently  been  used  for  performance  monito¬ 
ring  purposes.  A  multi-role  tactical  aircraft  such  as  the  F-16  does 
not  have  a  repeatable  in-flight  operating  condition  where  stabilized 
engine  performance  date  can  be  obtained. 

Most  of  the  data  analyzed  to  date  has  been  obtained  from  the  test  cell 
or  from  the  lECMS  take-off  recordings  (MachN''  less  than  .35)»  hence 
intake  compressibility  can  be  ignored.  The  steady  state  engine  model 
includes  a  relatively  simple  intake  pressure  loss  model.  The  pressure 
loss  is  assumed  to  be  proportional  to  flow  squared. 
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ABSTRACT 

The  Central  Integrated  Test  Syste*  (CITS)  is  a  real-tine  test  systen  idiich  continually  monitors 
the  performance  of  the  34  principal  systems,  onboard  the  B-IB  aircraft,  including  the  four  General 
Electric  FlOl  turbofan  engines.  CITS  consists  of  an  onboard  computer,  four  Data  Acquisition  Units,  a 
^ta  converstion  unit,  a  printer,  a  magnetic  tape  recorder,  and  a  control  and  display  panel. 
Approximately  19,000  parameters  are  available  for  recording  and  display  purposes.  CITS  performs  the 
fallowing  functions; 

e  Provides  real-time  information  to  the  aircrew  in  the  event  of  a  system  malfunction  which 
permits  innediate  evaluation  of  mission  capability. 

e  Records  data  when  faults  occur,  enabling  fault  analysis  by  ground  personnel  and  automatic 
preparation  of  the  appropriate  work  orders. 

e  Provides  trend  data  and  other  special  engine  recordings  for  use  in  ground-based  diagnostic 
systems. 

e  Minimizes  the  need  for  groixvl  support  equipment. 

The  Engine  Diagnostic  algorithm  was  designed  in  close  coordination  with  General  Electric. 
Information  obtained  from  early  test  cell  runs  was  utilized  in  the  original  logic  design.  Many 
modifications  have  been  made  as  a  result  of  flight  test  experience,  but  the  overall  test  sequence  has 
remained  unchanged. 

The  Engine  Diagnostic  software  utilizes  approximately  100  parameters  per  engine.  The  test  logic 
is  exercised  four  times  per  second  and  a  fault  is  declared  if  a  failure  condition  occurs  for  six 
consecutive  passes.  Every  effort  is  made  to  ensure  that  a  single  failure  will  result  in  only  one  fault 
code  out  of  154  possible  codes  per  engine. 

The  B-IB  Engine  Diagnostic  program  is  the  most  advanced  flying  test  algorithm.  Its  inherent 
coaplexities  are  due  to  calculations  of  test  limits  based  on  aircraft  flight  mode,  environmental 
conditions,  and  engine  control  schedules.  These  limits  are  then  compared  to  actual  engine  readings, 
and  if  established  limits  are  exceeded,  a  fault  code  is  annunciated. 

imRODUCTIOW 


Supportability  was  given  a  high  degree  of  exphasis  in  planning  for  the  B-IB  because  this  new 
concept  aircraft  would  operate  from  dispersal  bases  with  limited  ground  suppoit  resources.  As  a 
result,  the  B-IB  has  significant  self-sufficiency  features  not  generally  foiaid  on  other  aircraft. 

These  features  are  possible  because  Auxiliary  Power  Units  (AFJ's)  were  incorporated  into  the  aircraft 
design  to  provide  self-contained  powr  for  ground  operations.  The  ATU's  provide  the  motive  forces  to 
generate  electrical  and  hydraulic  power  required  for  alert  reaction  and  ground  maintenance  operations. 

In  addition,  the  ATO's  provide  high-pressure  bleed  air  used  by  the  aircrafts  environmental  control 
system  to  cool  onboard  equipment  and  condition  the  crews  air  supply  during  ground  operations.  The 
other  major  element  to  providing  self-sufficiency  was  to  provide  the  aircraft  with  an  onboard  Central 
Integrated  Test  System  (CITS). 

CITS  is  an  onboard  fault  detection/fault  isolation  system  that  automatically  and  continually  tests 
the  operation  of  all  major  B-IB  systems,  in  flight  and  on  the  ground,  and  detects  and  isolates  faults  to 
the  Line  Replaceable  Unit  (UQJ)  level  (see  Figure  1).  In  flight,  failed  modes  of  operation  are  detected 
and  display^  to  the  crew  in  Near-English  language  messages  to  aid  in  making  mission-oriented  decisions 
and  in  planning  alternate  courses  of  action  during  the  flight.  Detected  faults,  both  in  flight  and  on 
the  ground,  are  automatically  isolated  and  isolation  codes  referred  to  as  CITS  Maintenance  (Mes  (OC's) 
are  printed  on  paper  tape  and  magnetically  recorded.  Tliis  allows  unscheduled  ground  maintenance  to 
start  iinadiately  igxm  aircraft  recovery,  without  the  need  to  acquire  and  hookup  operational  support 
equipment. 
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The  onboard  test  functions  for  the  B-IB  are  accomplished  through  the  efforts  of  the  B-IB  Associate 
Contractors,  with  Rockwell  designated  as  lead  contractor  for  total  system  development  and  integration. 
The  offensive  Avionics  Contractor,  Boeing  Military  Aircraft  Con^ny  (EMAC),  is  responsible  for  the 
testing  of  the  Offensive  Radar  System,  the  Avionics  Controls  and  Display  System,  the  Stores  Management 
System,  the  Inertial  Navigation  System  and  the  Terrain-Following  and  Avoidance  System.  These  test 
functions  are  resident  in  each  of  the  associated  avionic  computers  and  terrain-following  computers. 

Each  of  these  computers  (6)  performs  the  testing  of  its  related  systems  and  reports  test  status  of  the 
CITS  control  and  display  panel,  airborne  printer,  and  maintenance  recorder  via  the  Avionics  con|>uter 
complex  to  the  CITS  caiTqp>uter  interface. 

The  Defensive  Avionics  Contractor,  AIL  Division  of  Eaton  Industries,  is  responsible  for  the  testing 
of  the  Electronic  Countermeasures  System,  the  R.  F.  Surveillance  System  and  the  Tail  Warning  Function. 
These  test  functions  are  resident  in  the  Defensive  Avionic  Computer.  This  computer  tests  its  related 
systems  and  reports  test  status  to  the  CITS  (CXJ),  AP,  and  CM!)  through  the  Boeing  computer  complex  to 
the  CITS  computer  interface.  The  B-IB  Weapon  System  Contractor,  Rockwell  is  responsible  for  providing 
the  testing  for  the  avionics  and  aircraft  systems.  This  testing  includes  the  Automatic  Flight  Control 
System;  Stabilization  Control  and  Augmentation  System  Pitch,  Roll  and  Yaw;  Flaps/Slats  System; 

Speedbrake  Spoiler  System;  Structural  Mode  Control  System;  Wing  Sweep  System;  Integrated  Propulsion 
System;  Landing  and  Deceleration  System;  Electrical  Multiplex  System;  Aircraft  Structural  Data 
Collection  System;  Coimnunication  and  Traffic  Control  System;  Fuel  Management  Systems;  Environmental 
Control  Systems;  and  the  CITS  self-test  functions.  These  test  functions  are  resident  in  the  CITS 
ccxrtputer  aixl  test  status  is  reported  on  the  CCD,  AP,  and  OH  (see  Figure  4).  The  engine  manufacturer. 
General  Electric  (GE),  is  responsible  for  developing  engine  test  and  trending  requirements  and  providing 
them  to  Rockwell  for  incorporation  into  the  integrated  propulsion  system  test  functions. 


FLIGHT  CONTROLS 


•  AFCS  defensive  AVIONICS 

•  SCASP.R.Y  •vm 
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The  CITS  testing  furKitions  are  essentially  automatic  with  a  miniimin  of  operator  action  required. 
All  test  logic,  failure  messages,  and  failure  codes  are  predetermined  and  fixed  within  the  various 
resident-stored  software  programs,  thus  eliminating  the  need  for  the  operator  to  interpret  results  or 
make  decisions  as  part  of  the  normal  testing  process > 

SYSTB4  CAPABILITIES 


The  major  objective  of  the  Central  Integrated  Test  System  is  to  detect  a  minimun  of  95  percent  of 
all  the  B-IB  weapon  system  faults.  Definition  of  a  fault  is  any  failure  which  causes  a  system  to 
operate  in  a  degraded  state,  thus  requiring  maintenance  action  in  order  to  return  the  aircraft  to  full 
mission  capability. 

The  second  objective  is  to  isolate  the  cause  of  a  fault  to  a  Line  Replaceable  Unit  (LRU)  for  at 
least  65  percent  of  all  detected  faults  and  to  Isolate  at  least  95  percent  of  all  remaining  detected 
faults  into  groups  of  four  or  less  LRU's. 

The  third  objective  is  to  minimize  false  indications  to  a  tnaximun  of  2  percent.  Definition  of  a 
false  indication  is  to  declare  a  fault  condition  that  doesr.'t  exist,  to  fail  to  declare  a  fault 
condition  that  does  exist,  or  to  incorrectly  isolate  a  detected  fault. 

The  remaining  objectives  are  to  minimize  the  need  for  flight  line  support  equipment  and  to  reduce 
the  B-IB  life  cycle  costs.  Because  of  the  B-IB  support  concept,  and  the  fact  that  support  resources 
which  duplicate  CITS  capabilities  are  not  being  procured,  CITS  will  be  essential  in  supporting  the  B-IB. 

OPERATIONAL  USAGE 


exiting  aircraCt  operation  the  Cl'fS  is  continually  and  automatically  monitoring  all  B-IB  systems  and 
reporting  the  health  of  these  systems  to  the  crew  (see  Figure  S).  Detected  aircraft  weapon  system 
faults  are  displayed  to  the  crew  and  recorded  for  maintenance  action  when  the  aircraft  returns  to  base. 
Optional  CITS  modes  of  operation  have  been  provided  to  the  operators  which  will  allow  interrogation  of 
the  test  systems  to  obtain  more  detailed  failure  and  operational  information.  The  operator  may  select 
the  parameter  monitor  mode  of  operation  and  through  keyboard  entries,  access  specific  test  parameters, 
up  to  three  at  a  time,  and  observe  the  actual  signal  values  in  real  time.  This  mode  or  operation  is 
selectable  in  flight  and  on  the  ground  and  provides  access  to,  and  display  of,  approximately  10,000 
aircraft  signals.  Another  optional  CI'TS  mc^e  available  to  the  aircrew  is  the  in-flight  fault  isolation 
mode  in  which  the  fault  isolation  codes  (CMC's)  for  detected  failure  are  displayed  on  the  CCD.  This 
mode  is  designed  for  use  when  an  aircraft  is  to  be  recovered  at  an  austere  base.  By  selection  of  this 
mode,  the  operator  can  access  the  fault  isolation  codes  and  transmit  them  by  radio  comnunications  to  the 
planned  recovery  base.  The  recovery  team  can  then  be  prepared  to  recover  the  aircraft  and  have 
replacement  UlU's  available  when  the  aircraft  lands  (see  Figure  6).  VIhen  the  aircraft  is  recovered  at  a 
main  operating  base,  the  crew  chief  removes  the  crrs  printer  tape  and  maintenance  recorder  cartridges. 
The  removed  cartridges  are  then  taken  to  the  CITS  Ground  Processor  (CGP)  where  the  data  is  stripped  and 
processed.  Failure  data  will  be  extracted  and  provided  on  a  display  terminal  in  the  debriefing  area 
where  flight  crew  observed  failures  and  anomalies  can  be  noted  and  compared  to  the  CITS  detected 
failures. 

CITS-detected  failures  that  are  isolated  to  a  single  LRU  will  result  in  a  work  order  being 
generated  by  the  Ground  Processing  System  to  remove  and  replace  the  UlU  and  retest  the  system  using  the 
CITS  Ground  Readiness  test.  CITS-detected  failures  that  are  isolated  to  an  ambiguity  of  two  or  more 
LRU's  will  result  in  a  work  order  being  generated  to  perform  additional  fault  isolation  tests  on  the 
aircraft  to  further  isolate  the  failure  to  a  single  LRU  utilizing  Technical  Orders  (T.O.’s).  These 


Technical  OrdeH  vill  utilize  the  CITS  capabilities  of  Ground  Readiness  and  parameter  nonitoring  and 
will  introduce  operational  support  equipment  after  all  CITS  resources  have  been  utilized  including  the 
ground  processing  of  the  failure  snapshots  at  the  tine  of  failure.  After  the  failure  has  been  isolated 
and  repaired,  system  operation  will  be  verified  using  the  CITS  Ground  Readiness  Test.  Flight  Crew 
anomaly  observations  for  CITS  tested  systems  that  did  not  have  a  related  CITS  output  will  result  in  the 
generation  of  a  work  order  to  conduct  the  CITS  Groimd  Readiness  tests  to  verify  the  failure  or  reverify 
system  operation. 

Flight  crew  failure  observations  for  systems  not  tested  by  CITS  will  result  in  the  generation  of  a 
work  order  to  fault  isolate  the  problem  using  CITS  in  the  parameter  monitor  mode  of  operation  and  or 
with  operational  support  equipment. 


At  the  conclusion  of  the  Rockwell  CITS  Maturation  effort,  a  joint  Air  Force /Rockwell  CITS 
evaluation  was  conducted  at  Ellsworth  AFB  to  measure  the  performance  of  the  CITS.  All  CITS-indicated 
failures  and  crew-indicated  failures  were  analyzed  and  disposUiorved  as  to  the  cause  of  the  failure 
indication.  The  result  of  this  evaluation  indicated  that  the  Rockwell  CITS  had  less  than  one  false 
indication  per  flight. 

ENGINE  TEST  APPROACH 

The  B-IB  aircraft  is  powered  by  four  GE  FlOl  engines.  These  engines  are  of  the  augmented,  mixed 
flow,  turbofan  type  with  aerodynamical ly  coupled  low  and  high  pressure  sections  and  a  variable  area 
exhaust  nozzle  (see  Figure  8). 


LENGTH . 

. 180.7  IN. 

MAXIMUM  DIA 

. 55.2  IN. 

AIRFLOW . 

.  352  LB/SEC 

PRESSURE  RATIO . 

. 26.5 

BYPASS  RATIO . 

. 2.01 

TEMP  CLASS . 

.  2600°  F 

THRUST  CLASS . 

.  30,000  LB 

WEIGHT  CLASS . 

.  4,450  LB 
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The  test  approach  for  the  FlOl  Engine  Diagnostic  algorithm  was  the  result  of  a  closely  coordinated 
effort  between  (£  and  Rockwell.  Several  areas  required  thorough  study  before  the  test  approach  could  be 
determined : 

•  Complete  understanding  of  engine  operation  and  functions. 

•  Thorough  knowledge  regarding  which  signal  parameters  were  easily  accessible  and  those  which 
were  also  necessary  but  might  require  additional  instrumentation. 

•  Understanding  of  the  various  modes  of  engine  c^ration. 

e  Identification  of  the  parameters  necessary  for  useful  trending  data  and  the  appropriate  flight 
modes  for  trend  point  capture. 

•  Identification  of  the  failure  modes  associated  with  unacceptable  engine  operation. 

To  simplify  the  analysis  of  the  Engine  subsystem,  the  engine  con?)onents  were  divided  into  eight 
major  systems: 

•  Control  System 

•  Main  Engine  Fuel  System 

•  Augmcnter  Fuel  System 

•  Electrical  System 

•  Ignition  System 

•  Lubrication  System 

•  Exhaust  Nozzle  System 

•  Basic  Engine 


The  failure  modes  which  CITS  could  detect  and  isolate  were  determined  for  each  system. 

Accordingly,  tests  were  designed  for  each  system  and  integrated  into  a  logical  sequence.  The  original 
test  approach  was  designed  to  detect  engine  failures  which  were  defined  as  either  a  10  percent  power 
loss  or  as  an  event  leading  to  pilot  corrective  action  to  reduce  power.  As  the  program  progressed, 
failed  sensors  and  failed  signal  processors  were  also  fault  isolated  in  order  to  prevent  false  failure 
indications  for  engine  LRU's  and  to  assist  maintenance  personnel  in  the  field. 

TEST  PARAMETERS 

Engine  parameters  which  were  selected  for  use  in  testing  are  shown  in  Table  1.  Most  of  these 
parameters  are  also  used  for  cockpit  indications  and  engine  control.  All  parameters  in  Table  1  are  also 
recorded  for  engine  trending  purposes.  The  data  flow  from  the  engines  to  the  CITS  computer  is  shown  in 
Figure  8. 


Tabhl 

B-fS  ENGINE  PAtUmTENS 


CORE  SPEED 
FAN  SPEED 

FAN  DISCHARGE  PRESSURE 
FAN  INLET  TWBIATURE 
NOZZLE  AREA  (2) 

TURBINE  BLADE  T»1PBlA'njRE 
INLET  PRESSURE 

COMPRESSOR  DISCHARGE  PRESSURE 
DUCT  PRESSURE  RATIO 
INLET  GUIDE  VANE  (IGV)  POSITION 
POWER  LEVB<  ANGLE _ 


AWTMCE  VALVE  POSITION 
VIBRATION  (3) 

TORQUE  NOTOR  CURREVTS  (4) 
AUaefTHl  INITIATION  SWITCH 
FLAME  DETECTOR  SENSOR 
AUCMENT®  FUEL  VALVE  POSITION 
STATUS  WORDS  (4) 

OIL  PRESSURE 
OIL  TWBIATURE 
OIL  QUANTITY 

CORE  FUEL  FLOW _ 


Flgvf9  $.  CI79/Engbm  fcWffiw  lypM  4  EngPm 
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Other  parameters  outside  of  the  engine  are  also  required  for  monitoring.  These  are  necessary  to 
determine  operating  mode  and  environmental  conditions.  Examples  of  some  of  these  parcuaeters  are  listed 
in  Table  2. 

B-1B  BNQtME  BBLATED  PA/UMBmS 


MACH 

AIRFRAME  FUEL  FLOW 

AMBIE^^'  PRESSURE 

TWOTTLE  POSITION 

IGNITION  SWITCH  POSITION 

CIRCUIT  BREAKER  STATUS 

START  SWITCH  POSITION 

RELAY  STATUS 

SPEED  LOCKUP  SWITCH  POSITION 

FUEL  TBIPffiATURE 

FUEL  SHJT-OFF  VALVE  POSITION 

INLET  LIP  POSITION 

LOGIC  DESIGN 

Information  obtained  from  early  test  cell  engine  runs  was  utilized  to  provide  test  limits  in  the 
original  logic  design.  Three  basic  operating  modes  were  selected  for  testing. 

e  Start-Up  Cycle 

e  Transient  State 

e  Steady  State 

The  Engine  Start  Cycle  portion  of  the  test  involves  testing  certain  conditions  such  as:  ignition, 
hot  start,  hung  start,  and  slow  start. 

The  Transient  State  portion  of  the  test  is  applicable  when  engine  parameters  are  at  constant 
unrest.  This  may  include  signal  and  sensor  integrity,  oil  pressure  and  temperature,  vibration, 
compressor  stall,  turbine  blade  temperature,  augmenter  c<mtrol,  and  rapid  power  loss. 

The  Steady  State  portion  of  the  test  is  applicable  when  engine  parameters  are  observed  to  be 
steady.  This  may  inclijde  nozzle  control,  augmenter  control,  inlet  guide  vane  position,  fan  speed,  and 
speed  ratio.  Various  engine  control  sch^ules  are  confuted  at  this  time.  Figure  9  displays  an  example 
of  a  typical  engine  schedule,  turbine  blade  ten^rature  versus  fan  inlet  temperature. 


When  the  engines  are  perceived  to  be  in  a  steady  state  condition,  different  tests  are  performed 
depending  on  whether  the  aircraft  is  on  the  ground  or  airborne.  While  on  the  ground,  a  ground  thrust 
test  occurs.  Wiiile  airborne,  an  engine-to-engine  comparison  is  performed  for  fan  speed,  augmenter  fuel 
flow,  and  fan  pressure  ratio.  A  torque  motor  signal  validity  test  is  performed  In  either  case.  See 
Figure  10  for  a  block  diagram  of  the  logic  flow. 

Preconditions,  which  include  relay  statuses,  circuit  breaker  statuses,  and  varicMJS  switch  settings, 
are  examined  at  the  beginning  of  the  test  to  prevent  false  failure  indications.  Counter  and  flag 
initializations  and  frequently  used  computations  are  also  performed  at  this  time.  Engine  parameters  are 
safi|>led  and  the  test  logic  is  exercised  at  a  rate  of  4  times  per  second. 

i' 


I 
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A  typical  test  sequence,  whether  it  is  a  transient,  steady  state,  or  any  other  type  of  test 
consists  of  the  following  steps: 

•  A  validity  check  of  the  signals  to  be  used  in  the  test  is  performed.  A  valid  signal  parameter 
is  within  its  normal  range  and  the  sensor  appears  to  be  behaving  normally.  If  the  signal 
validity  check  fails*  the  test  is  bypassed. 

•  Environmental  conditions  are  determined,  if  necessary.  For  example,  in  the  augmenter  control 
test*  compressor  discharge  pressure  must  be  above  a  certain  limit  before  the  test  can  be 
performed.  If  compressor  pressure  is  below  this  limit,  the  engine  is  outside  of  the  test 
envelope  and  the  test  is  bypassed. 

e  Switch  positions  are  interrogated  for  correct  configuration,  if  required  for  the  test. 

•  Actual  engine  readings  are  compared  against  previotjsly  established  limits  plus  or  minus  a 
tolerance.  Test  limits  are  determined  by  the  hardware  design,  such  as  minimun  allowable  oil 
quantity.  In  the  case  of  control  schedule  tests,  the  appropriate  input  parameter(s)  are  used 
to  compute  the  scheduled  value  for  the  tested  parameter,  allowing  for  envirorrocntal  conditions 
and  aircraft  flight  mode.  (For  example,  the  scheduled  turbine  blade  tenperature  is  computed 
using  the  actual  fan  inlet  temperature.  See  Figure  9).  When  an  actual  reading  exceeds  the 
reference,  a  fault  has  been  detected  and  a  failure  code  is  annunciated. 

•  If  more  than  one  IJIU  is  suspect,  fault  isolation  is  performed  using  failure  mode  information 
for  the  individual  LRU's.  Ideally,  a  failure  can  be  isolated  to  a  single  LRU  by  the  CITS 
logic.  When  this  is  not  possible,  additional  data  analysis  and  troubleshooting  must  be  done  by 
ground  crews.  See  Figure  11  for  a  block  diagram  of  a  typical  test  sequence. 

CITS  ENGINE  DIAGNOSTICS  IN  THE  REAL  W3RLD 

When  the  CITS  was  initially  installed  on  the  B'lB  aircraft,  false  failure  indications  plagued  the 
entire  system,  especially  the  engine  diagnostic  area.  Hundreds  of  hours  had  been  spent  in  laboratory 
testing  and  design  reviews  prior  to  release.  Howe>«r,  the  engine  diagnostic  algorithm  is  very  conplex 
and  engine  performance  depends  entirely  upon  environmental  conditions  and  pilot  discretion,  which  makes 
thorough  testing  extremely  difficult.  Each  area  of  the  test  exhibited  deficiencies  which  had  to  be 
corrected  to  eliminate  the  false  indications. 
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START-UP  CYCLE 


In  the  start-up  cycle  test,  one  of  the  first  deficiencies  to  apprar  was  the  inability  of  the  test 
logic  to  distinguish  between  an  engine  start  problem  and  an  aircraft  ignition  circuit  problem,  something 
which  frustrated  maintenance  personnel  in  the  field.  Fault  isolation  of  the  aircraft  ignition  circuitry 
was  added  to  solve  this  problem.  Also,  hot  start  limits  wre  adjusted  upward  to  provide  more  realistic 
levels  where  maintenance  action  would  be  required. 

TRANSIEITT  STATE 


In  the  Transient  State  test,  several  types  of  problems  were  encountered.  Engine  signal  processor 
failures  could  not  be  distinguished  from  CTR  Interface  hardware  failures,  so  CITS  hardware  self-test 
parameters  were  added  to  the  logic  prior  to  testing  the  signal  processor. 

The  Power  Lever  Angle  (PLA)  is  a  key  parameter  in  the  test  logic  because  it  defines  the  engine 
power  setting.  Failures  of  the  PLA  tranklucer  were  undetected  thereby  triggering  many  false  alarms  in 
the  engine  control  schedule  logic.  The  failure  mode  for  the  PI^  tranducer  was  defined  and  logic  was 
designed  to  isolate  this  failure  without  creating  false  alarms  in  another  CITS  System,  the  Engine  Thrust 
Control  System 

A  failure  mode  for  the  exhaust  nozzle  is  tested  in  the  Transient  test.  This  false  failure  occurred 
when  transitory  movements  of  the  nozzle  created  the  right  conditions  to  set  the  failure  code.  A 
software  timer  was  placed  in  the  logic  to  correct  this  problem.  The  timer  apprxMch  was  also  used  when 
switches,  such  as  the  anti-ice  switch,  changed  state  to  allow  for  hardware  response  time  and  when 
transient  out-of-limit  parameters,  such  as  low  oil  pressure,  caused  false  alarms  during  certain  airborne 
maneuvers. 

Another  key  parameter  to  engine  diagnostics  is  the  corrected  fan  speed.  Sometimes,  the  fan  speed 
parameter  would  fail  in  a  degraded  manner  which  was  not  detected  by  the  logic  causing  false  alarms  in 
the  engine  control  schedule  tests.  A  comparison  of  the  fan  speed  parameter  from  two  sources  corrected 
this  problem. 

Differentiation  between  sensor  malfunction,  signal  processor  malfunction,  and  an  actual  IKU  failure 
was  sometimes  difficult.  For  instance,  an  out-of-limit  vibration  parameter  might  require 
troubleshooting  to  isolate  the  three  possibilities  (depending  upon  pilot  reported  anomalies).  When  a 
signal  parameter  failed  in  a  degraded  fashion,  fault  isolation  was  especially  difficult.  Field 
experience  with  the  actual  failure  rates  of  the  involved  components  has  been  the  only  answer  to  this 
problem. 

The  fault  filter  for  CITS  subsystems  was  orginally  a  3  pass  filter.  Early  field  experience  with 
the  engine  test  seemed  to  indicate  that  this  filter  (which  would  declare  a  fault  in  little  more  than  0.5 
seconds)  was  resulting  In  false  failures  during  transient  situations.  Changing  the  fault  filter  to  6 
passes  seem^  to  be  a  reasonable  solution  to  this  problem.  After  all,  a  hard  failure  would  surely  last 
at  least  1.Z5  sectsids. 

This  approach  worked  well,  except  In  one  very  important  area,  cowressor  stalls.  Ikirlng  stalls, 
many  parameters  change  rapidly.  As  a  result,  many  different  logic  paths  are  taken  during  the  failure, 
and  the  6  pass  filter  requirement  is  sometimes  not  met  before  the  core  speed  drops  below  the  minimal 
tested  level.  The  end  result  is  that  no  CMC  appears  and  a  loss  of  failure  data  occurs.  An 
investigation  is  being  conducted  to  determine  if  the  feult  filter  should  be  set  to  3  passes  for  these 
types  of  codes. 
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Augnenter  light-off  tine  is  tested  in  the  transient  state.  This  mbs  a  coaun  false  failure  until 
appropriate  preconditions  and  tiaers  were  added  depending  upon  which  area  of  the  flight  envelope  the 
aircraft  was  in. 

Rapid  power  loss  was  an  early  false  alarm.  This  appeared  when  the  engines  were  turned  on  because 
certain  counters  and  flags  were  not  properly  initialized  when  CITS  was  powered  up. 

STEADY  STATE 


A  small,  but  very  critical  code  error  in  the  stea^  state  logic  caused  many  control  schedule  false 
alarms.  With  the  coaplex  and  comprehensive  logic  required  in  engine  diagnostics,  it  is  unrealistic  to 
expect  that  every  logic  path  can  be  tested  prior  to  release.  Infrequent  software  errors  are  expected  to 
appear  as  more  logic  paths  are  exercised  in  the  future. 

Unanticipated  hardware  failure  modes  resulted  in  nondetection  of  some  nozzle  control  schedule 
faults.  Field  reports  of  undetected  stalls  resulted  in  additional  logic  to  correct  this  deficiency. 

The  IGV  control  schedule  test  was  modified  primarily  in  the  area  of  test  limits  and  tolerances. 
Limits  which  were  valid  in  the  test  cell  were  not  appropriate  to  everyday  field  operation  and  resulted 
in  false  failure  indications.  The  tolerances  were  adjusted  to  account  for  environmental  conditions  and 
errors  inherent  in  signal  transmission  hardware. 

In  the  engine-to-engine  thrust  C(XVarison  test,  fan  inlet  pressure  is  used  in  the  relative  thrust 
calculations.  During  some  unusual  in-flight  maneuvers,  this  parameter  would  vary  across  the  four 
engines  and  produce  false  engine  co^iarison  failures  between  the  outboard  engines.  This  problem  was 
solved  by  averaging  the  four  fan  inlet  pressures  and  requiring  that  they  each  be  within  a  small  range  of 
the  average  prior  to  using  that  engine  in  the  thrust  coiiparison.  Fault  isolation  of  the  fan  inlet 
pressure  and  fan  discharge  sensors  was  also  necessary  to  prevent  false  thrust  comparison  faults. 

Augmenter  fuel  flow  comparison  was  discovered  to  be  unreliable  at  the  minimal  flow  levels. 
Therefore,  a  miniaami  level  of  fuel  flow  was  established  as  a  precondition  to  that  engine  being  used  in 
the  coagiarison  test. 

Obviously,  many  modifications  have  been  made  to  the  test  logic  and  software  coding  since  the 
initial  release.  The  coordination  of  these  changes  by  Rockwell  and  GE  was  facilitated  by  regularly 
scheduled  meetings  which  were  attended  by  GE  engineering,  Rockwell  engineering,  and  military  maintenance 
personnel.  The  maintenance  personnel  provided  valuable  insight  into  the  areas  where  CITS  was  doing  well 
and  where  it  could  be  iiaproved  from  a  practical  standpoint.  Feedback  from  the  field  regarding  failure 
codes  exhibited  and  actual  maintenance  performed  is  essential  to  the  verification  of  this  type  of 
program. 

Successful  fault  detection  and  isolation  has  occurred  in  all  areas  of  the  logic.  Table  3  contains 
a  list  of  the  types  of  engine  failures  which  have  been  detected  by  the  CITS  Engine  Diagnostic  test 
during  the  past  3  years  of  B-IB  service. 

It  must  be  remoabered  that  some  engine  problems  cannot  be  detected  by  the  CITS.  These  include 
metal  fatigue,  hydraulic  leaks,  clogged  filters,  and  loose  cables  or  connectors. 

Ttbhi 

CNCMNE  FAILtMES  DETECTED  BY  CITB 


UM  OIL  qUAKTITY 
HOT  STARTS 
SUM  STARTS 
UM  OIL  PRESSURE 
HIGH  OIL  TM>BiATllRE 
HIGH  VIBRATION 
QOMFRESSOR  STALL 
HIGH  TURBINE  TBXPERATURE 
SUM  AUaCNTBi  LIOTT 


RAPID  POm  LOSS 
N0Z3LE  OFF  SOIEDULE 
IGV  OFF  SCHEDULE 
FAN  SPEED  OFF  SCHEDULE 
FAN  SPEED  MISOMPARE 
SIGNAL  VALIDITY 
INLET  TWaiAIURE  SBISGR 
ELECTRONIC  OONIROLS 
FAN  SPEH)  SENSOR _ 


SPECIAL  ENGINE  RBODRDINGS 


In  addition  to  fault  detection  and  isolation,  CITS  records  specified  parameters  at  a  rate  of  4  per 
second  during  certain  out-of-limit  conditions  such  as:  high  turbine  teiperature,  fan  or  core 
overspeed,  high  thrust,  augmenter  fuel  flow  miscempare,  and  rapid  power  loss,  This  dau  has  proven  to 
be  extremely  valuable  when  analyzing  severe  engine  failures  such  as  co^>ressor  stalls. 

Trend  data  is  also  acquired  each  flight  at  take-off  and  during  cliub  and  cruise  when  the  correct 
conditions  are  net.  Engine  start  and  stop  times  are  recorded,  as  well  as  engine  serial  nurtwrs,  to 
facilitate  accurate  trending  of  each  engine  In  ground-based  diagnostic  systems. 

gRRENr  STATUS 

A  aonth-lai«  evaluation  was  conducted  at  an  operational  B-IB  base  to  determine  the  reliability  and 
usefulness  of  the  CITS.  Pilot  reported  anomalies  and  failure  codes  were  tracked  on  13  aircraft  for  33 
flights.  Seven  unique  eiylne  fault  codes  occurred  on  five  aircraft  during  eight  of  33  flights  (one 
code  repeated  on  two  flights).  Data  analysis  revealed  that  five  codes  could  be  isolated  to  a  single 
LRU.  The  remaining  two  codes  required  troubleshooting  to  resolve  an  airt>iguity  between  two  or  more 
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LRU’S.  Three  types  of  UtU's  were  isolated  includi^  two  AFT  controls,  a  signal  conditicmer,  and  a  fuel 
valve  control.  There  were  no  laidetected  e^ine  failures.  This  results  in  an  average  of  O.OS  failure 
codes  per  engine  per  flight.  One  failure  Indication  isolated  the  incorrect  LRU. 


The  Engine  Diagnostic  algorithai  has  evolved  into  an  extreaiely  useful  tool  for  engine  naintenance. 
At  the  tine  of  writing,  two  potential  false  alaras  existed  which  are  scheduled  for  correction  this 
year.  Potential  false  alarsi  refers  to  a  code  which  does  not  appear  on  every  flight,  but  it  could 
appear  depending  upon  enviitmaental  conditions.  Another  area  is  being  investigated  for  inproved  fault 
detection  of  high  turbine  teaperature  at  sub-idle  core  speeds. 

CONCLUSION 

The  substantial  amount  of  engine  condition  monitoring  experience  gathered  during  the  early  years 
of  B-IB  deployment  has  resulted  in  many  modifications  to  the  original  test  design.  H^fully,  this 
experience  will  allow  future  systems  to  be  designed  and  u^ilemented  on  multi-engine  aircraft  with  fewer 
initial  problems.  The  issues  which  need  to  be  considered  and  resolved  when  designing  an  engine 
monitoring  system  fall  into  the  following  areas: 

a  Design  the  engine  hardware  with  monitoring  in  mind.  This  includes  providing  the  appropriate 
test  points  and  providing  the  most  reliable  sensors  possible.  Because  perfect  sensors  do  not 
exist  at  this  time,  a  method  should  be  provided  to  differentiate  between  sensor  malfunction, 
signal  conditioner/processor  malfunction,  and  actual  IRU  failure. 

a  Determine  the  mlnimue  complexity  of  the  algorithm  necessary  to  perform  the  test  function.  An 
extremely  coeplex  algorithm  is  expensive  to  design  and  implement.  It  also  consuaes  a  large 
amount  of  coqputer  time  in  a  real-time  system.  The  B-IB  engine  test  may  or  may  not  be  more 
complex  than  necessary,  but  this  will  only  be  determined  by  continued  evaluation  over  years  in 
the  field. 

e  Provide  the  most  effective  means  of  coonunication  between  the  personnel  involved  in  the  test 
design,  test  implementation,  and  the  users  in  the  field.  Expertise  from  many  areas  is 
required  when  designing  the  test  logic.  ^Ine  hardware  design,  performance,  and  controls 
information  is  vital  to  the  algoritha  design.  This  design  must  be  correctly  transmitted  to 
the  software  prograimner.  Evaluation  of  the  final  product  requires  consistent  input  from 
maintenance  personnel  in  the  field.  Fonaal  written  interface  docimients  and  regularly 
scheduled  meetings  between  the  interested  parties  are  essential  to  the  success  of  an  engine 
monitoring  program.  This  is  particularly  ivportant  in  a  fully  Integrated  test  system. 

With  computer  technology  rapidly  advancing  to  decrease  computer  size  while  increasing  memory  capacity, 
engine  monitoring  will  become  more  sophisticated.  The  long-term  goal  should  be  automatic  fault 
isolation  to  a  single  LRU  requiring  a  minimum  of  human  intervention. 
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DISCUSSION 

H.  MAY 

You  are  recording  the  turbine  blade  temperature.  How  do  you  determine 
this  temperature? 

Author'd  Reply: 

Turbine  blade  temperature  is  determined  with  the  use  of  a  General  Elec¬ 
tric  developed  pyrometer  %^ich  has  an  accuracy  of  4-  or  -  10  to  13 
at  the  limiting  temperature  of  1730^P. 

D.E.  COLfiOURNE 

Do  you  use  the  same  capture  rate  in  steady  state  and  transient  phases 
of  engine  operation? 

Author's  Reply: 

Data  recording  rate  ia  determined  by  the  purpose  of  the  recording, 
not  whether  it  is  transient  or  steady-state.  The  data  capture  rates 
are  as  follows: 

1.  Fault  dode  recording-  3  aircraft  data  "snapshots"  total: 

At  time  of  fault  declaration 
30  seconds  after  fault 
60  seconds  after  fault 

2.  Trend  data  capture  at  take-off,  climb  or  cruise-  8  trend  data  recor¬ 
dings  total  at  1/4  second  intervals. 

3.  Trend  data  capture  for  certain  faults,  such  as  rapid  power  loss- 

20  trend  data  recordings  total  at  1/4  second  intervals. 

4.  Special  recordings  are  done  at  a  rate  of  1/4  second  intervals  for 
as  long  as  the  condition  lasts,  such  as  a  high  turbine  temperature. 
These  recordings  consist  of  a  very  limited  number  of  parameters. 
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ENGINE  life  CONSUMPTION  MONITORING  PROGRAM  FOR  RB199 
INTEGRATED  IN  THE  ON-BOARD  LIFE  MONITORING  SYSTEM 

by 

J,  Bro«de 

Notoren-  und  Turbln«n-Ofiton  Mtlnchen  GabR 
Dachauer  Straaaa  665 
8000  Munich  SO 
Maat  Germany 


SUMMARY 

The  On-Board  Life  Monitoring  Systen  (OLMOS)  of  the  (S  Tornado  consists  of  on-board 
equipment  (Data  Acquisition  Unit  DAD)  where  the  majority  of  the  data  processing 
is  carried  out«  and  of  ground  equipment  (OXMOS  Ground  Station  OGS,  connected  to 
the  Central  Logistic  Support  Systen  BMS)  «d)ere  the  majority  of  the  data  management 
tasks  are  carried  out. 

The  Engine  Life  Consumption  Monitoring  Program  (ELCMP)  is  part  of  OLMOS.  Its  main 
task  is  LCP  life  consumption  calculation,  which  consists  of  data  acquisition  and 
data  checking,  calculation  of  temperatures  and  stresses,  as  well  as  damage  assessment. 
A  general  view  of  the  calculation  path  within  tlLCMP  is  given,  and  the  hardware 
structure  of  the  system  is  presented.  Some  advantages  of  individual  and  complete 
engine  monitoring  are  pointed  out. 


1.  INTRODUCTION 

The  On-Board  Life  Monitoring  System  (OLMOS)  Is  a  system  for  monitoring  the  life 
consumption  of  the  Tornado  aircraft  in  the  German  Air  Force. 

The  requirements  of  the  German  Air  Force  for  this  system  and  Its  functional  structure 
are  presented  in  /I,  2/.  The  monitoring  tasks  carried  out  by  OLMOS  are  the  following: 

-  engine  life  consumption  monitoring 

-  structure  life  calculation 

-  structure  limit  exceedance  monitoring 

-  event  monitoring 

-  logistic  data  monitoring. 

Basic  requirements  are  individual  monitoring  of  each  aircraft  and  each  engine  by 
means  of  on-board  data  processing »  on-board  result  storage,  and  on-board  bookkeeping 
of  the  state  of  engine  life  consumption. 

The  Engine  Life  Consumption  Monitoring  Program  (ELCMP)  is  that  part  of  OLMOS  which 
covers  the  monitoring  procedures  for  the  Turbo  Union  RB199  engine  installed  in 
the  Tornado  aircraft.  ELCMP  contains  as  primary  tasks 

-  LCF  life  consumption  calculation  of  group  A  parts 

-  performance  trending 

-  diagnosis  and  statistics 

during  engine  running,  which  are  carried  out  on-board  in  real  time. 

Result  storage  as  well  as  data  transfer  is  done  by  means  of  a  set  of  accounts. 

There  are  two  types  of  accounts.  The  first  are  accumulating  accounts.  They  have 
to  be  set  to  an  initial  value  before  the  system  operates.  In  particular,  after 
any  maintenance  action  (e.g.  replacement  of  an  engine)  these  accounts  have  to  be 
updated  before  further  engine  operation.  Their  values  after  an  engine  run  are  the 
sum  of  the  value  at  the  beginning  of  this  run  and  the  results  obtained  during  this 
actual  run. 

The  second  type  of  accounts  are  overwritten  during  every  engine  run.  They  contain 
only  results  of  the  most  recent  engine  run.  These  nonaccumulating  accounts  are 
updated  only  when  the  engine  run  exceeds  a  certain  time  threshold.  This  provides 
ngainst  information  loss  in  case  of  mishandling  of  the  system. 

The  accounts  contain  the  actual  state  of  engine  life  consumntlon.  The  comparison 
with  the  approved  values  is  made  on  ground.  For  this  purpose  the  accounts  are  milked 
frequently,  and  the  data  are  transferred  to  the  OLMOS  Ground  Station  (OGS)  and 
the  Central  Logistic  Support  System  (BMS),  where  the  comparison  is  made  and  required 
maintenance  steps  are  initiated. 
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2.  STROCTORB  OT  OLHOS 
The  OLMOS  systen  includes 

-  on*board  functions,  such  as  data  acquisition,  data  processinq,  and  result  stocaqe 

*  transfer  functions,  such  as  data  transfer  between  aircraft  and  ground  station 
and  quick-look  of  the  results. 

-  ground  functions,  such  as  data  managenient,  data  display  and  data  update. 

The  respective  tasks  are  carried  out  in  dedicated  equipment  as  shown  in  Pig.  1. 

The  on-board  equipment  consists  of  the  Data  Acquisition  Unit  (DAD),  which  acquires 
the  data  from  the  different  sources,  processes  the  data,  and  stores  the  results. 

The  DAO  also  provides  data  for  recording  at  Crash  Recorder  (CR)  and  Maintenance 
Recorder  (MR).  In  case  of  faulty  DAO  operation,  it  initiates  a  DAD-fail  indication 
on  the  Central  Maintenance  Panel  (CMP). 

Data  are  transferred  between  aircraft  and  ground  station  by  means  of  a  Hand  Held 
Terminal  (RRT) ,  which  is  a  portable,  battery-powered  piece  of  equipment.  The  battery 
serves  as  power  supply  for  the  DAO  during  the  data  transfer  process,  too,  so  that 
for  this  purpose  powering  of  the  aircraft  is  not  necessary.  The  RHT  is  designed 
to  collect  and  transfer  data  of  up  to  12  aircraft.  Furthermore  it  serves  to  display 
data  for  quick-look  purposes  or  in  the  event  of  the  ground  station  not  being  available. 

The  OLMOS  ground  station  has  the  task  of  data  management  and  data  display  for  all 
aircraft  of  an  air  base.  This  Includes  the  abilities  of  data  update  in  consequence 
of  maintenance  actions.  Additionally,  the  OOS  Is  connected  with  the  Central  Logistic 
Support  System. 

Further  details  of  the  structure  of  OLMOS  were  published  at  the  14th  International 
AIMS  Symposium  /3/. 


3.  SAFE  AND  ECONOMIC  ENGIWE  LIFE  USAGE 

Aircraft  engines  contain  a  number  of  parts  which  cannot  be  operated  for  unlimited 
periods.  These  parts  have  to  be  retired  before  life  limit  exceedance.  When  the 
life  limit  of  a  part  is  reached  depends  on  its  life  potential  and  the  operational 
usage. 

Group  A  parts  are  parts  of  an  engine  whose  failing  could  jeopardize  the  aircraft. 

The  life  of  the  group  A  parts  of  the  RB199  enqine  is  limited  by  Low  Cycle  Fatigue 
(LCF).  Such  a  part  has  reached  Its  life  limit  after  a  certain  number  of  load  cycles, 
which  is  defined  during  engine  development  and  design.  When  the  limit  number  of 
cycles  is  reached,  the  respective  part  has  to  be  retired,  if  not,  the  probability 
of  failure  will  rise  rapidly. 

To  assure  safe  and  economic  usage  of  the  life  potential  of  the  RB199  engine,  is 
the  most  important  objective  of  the  ELCMP  within  OLMOS.  This  is  achieved  bv  means 
of  individual  and  complete  engine  life  usage  monitoring.  Individual  usage  monitoring 
has  clear  advantages  compared  with  the  usual  general  life  usage  monitoring  method. 

Fig.  2  shows  life-consumption  distribution  curves  versus  the  ratio  of  real  life 
consumption  to  calculated  life  consumption,  ^ere  calculated  life  consumption  is 
calculated  either  individually  by  OLMOS  or  generally  by  cyclic  exchange  rates  (S-fac- 
tors)  and  flight  time.  The  advantage  of  Individual  -  and  of  course  complete  -  life 
usage  monitoring  is  proved  by  the  considerably  smaller  scatter  band  in  the  distribution 
curve  of  individual  life  monitoring  compared  with  general  life  monitoring. 

Based  on  individual  and  complete  actual  usage  monitoring,  safety  increases  because 
the  risk  of  exceeding  the  approved  life  limit  is  smaller  than  when  general  monitoring 
is  used. 

On  the  other  hand,  individual  and  complete  usage  monitoring  means  that  for  each 
component  of  the  engine  the  life  consumption  Is  calculated  and  compared  with  the 
approved  life,  and  so  each  individual  component  can  be  used  until  Its  approved 
life  Is  consumed.  Consequently,  as  a  result  of  more  efficient  use  of  the  life  potential, 
individual  monitoring  means  an  improvement  in  economy  because  no  component  will 
be  retired  earlier  than  necessary. 

Prom  Fig.  2  It  also  can  be  seen  that  the  cyclic  exchange  rate  must  be  conservative 
with  respect  to  safety,  and  therefore  It  is  not  very  economic.  But,  if  It  were 
more  economic  the  distribution  curve  for  general  monitoring  would  shift  to  higher 
ratios  and  the  objective  of  safety  «rould  be  violated. 
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4.  HOWITORrNG  CONTROL  PARAMETERS 

Individual  and  coaiplete  engine  usage  Monitoring  is  carried  out  using  BLCMP,  which 
is  operated  within  the  DAd.  To  control  the  monitoring  calculations  a  set  of  monitoring 
control  parameters  is  employed.  This  parameter  set  contains  the  most  important 
constants  of  the  algorithms. 

Minor  changes  and  refinements  to  the  algorithms  can  easily  be  adapted  by  simply 
changing  the  monitoring  control  paramenter  set,  leaving  the  ELCMP-software  unchanged. 


5.  EWGIHE  IDBNTIPICATION 

To  avoid  data  confusion,  engine  identification 


-  with  respect 

-  with  respect 
is  necessary. 
Identification 
The  individual 


to  the  Individual  engine  and 
to  the  engine  configuration 

is  effected  by  means  of  an  engine  identification  code  (see  Fig.  3). 
engine  is  identified  by  its  serial  number. 


Engine  configuration  Identification  is  necessary  because  the  engine  configuration 
has  an  influence  on  LCF  calculation  and  performance  trending.  All  steps  within 
the  calculation  path  may  be  affected  by  modifications  in  engine  design.  The  number 
and  location  of  monitored  areas  may  change  with  the  engine  configuration,  too. 
Consequently,  for  different  configurations  different  algorithms  or  different  parameters 
may  be  valid.  The  actual  configuration  is  identified  by  a  configuration  combination 
number,  an  engine  variant  code,  and  a  number  of  group  A  part  codes. 

The  engine  Identification  code  serves  to  control  all  the  possible  options  within 
ELCMP.  It  also  contains  a  software  revision  number  for  identifying  the  required 
software  version.  If  the  software  version  in  question  does  not  meet  the  requirements, 
monitoring  calculations  are  not  possible.  ELCMP  checks  whether  the  requirement 
Is  met.  If  the  result  is  neqatlve,  the  monitoring  calculations  will  not  be  carried 
out,  and  a  respective  diagnosis  account  will  be  flagged. 

Every  software  version  will  be  compatible  with  earlier  engine  configurations,  so 
that  the  latest  software  version  will  meet  all  requirements. 


6.  CALOJALTIOH  AND  PROCESSING  STRUCTURE 

The  whole  calculation  and  monitoring  process  of  ELCMP  is  orientated  on  an  engine 
running  history,  as  shown  in  Fig.  4.  It  Is  divided  into  three  parts,  which  are 
separated  by  particular  criteria. 

The  first  or  initial  part  begins  with  OAU  power-up.  After  power-up,  a  built-in 
test  is  carried  out  and  the  monitoring  control  parameter  set  is  loaded  into  the 
processor.  Afterwards,  the  input  data  are  checked  to  ascertain  if  the  start  criterion 
has  been  reached. 

The  start  criterion  is  reached  when  the  engine  speed  rises  to  Idle.  Then  the  main 
part  of  the  monitoring  process,  consisting  of  plausibility  checks  of  the  Input 
data  and  of  life  consumption  calculations,  and  Including  the  performance  trending 
procedure,  commences. 

All  steps  of  the  main  part  of  the  monitoring  proces*'  are  repeated  every  0.5  seconds. 
The  process  is  finished  when  the  end  criterion  is  detected.  The  end  criterion  is 
defined  by  engine  shutdown  while  the  aircraft  is  on  the  ground. 

After  the  end  criterion  has  been  reached,  the  final  oart  of  the  monitoring  procedure 
is  carried  out.  That  means  the  LCF  calculation  is  completed,  and  the  results  are 
checked,  and  -  if  the  check  Is  satisfactory  -  stored  in  the  respective  accounts. 


7.  POWER  DOWW  PORING  THE  FINAL  MONITORING  PART 

The  final  part  of  the  monitoring  process  requires  some  time,  where  the  DAU  still 
must  be  powered.  If  the  power  breaks  down  during  this  final  calculation,  the  processor 
status  will  be  saved.  The  final  calculation  will  be  continued  and  completed  either 
when  the  OAU  is  powered  again  or  when  the  HHT  is  connected.  In  both  cases  correct 
LCF  results  will  be  obtained  and  added  to  the  accounts,  provided  the  result  check 
does  not  fall. 
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8.  PLAOSIBILITY  CHBCKS  MID  DATA  CORRECTIQM 

Input  data  ara  thoaa  data  which  describe  the  actual  flight  and  engine  condition. 

They  are  received  fron  different  sources  and  collected  within  the  DAU.  The  set 
of  input  data  used  for  engine  monitor ing  Is  updated  every  O.S  seconds. 

The  input  data  are  converted  to  their  physical  value  and  checked  for  plausibility, 
where  checks  of  range,  rate  of  change  and  model  checks  are  employed.  The  rate  of 
data  faults  is  counted  by  a  separate  counter  for  each  signal.  If  the  number  of  faults 
exceeds  an  accepted  limit  the  current  monitoring  process  will  be  terminated. 

Data  which  are  found  to  be  implausible  are  substituted  wherever  possible.  Substitutes 
are  calculated  either  by  a  functional  relationship  to  other  olauslble  data  or  by 
interpolation  within  the  time  domain.  If  correction  is  not  logical,  the  whole  input 
data  set  is  substituted  by  the  previous  one. 


9.  ENGINGE  LIFE  USAGE  MONITORING 

The  engine  life  usage  monitoring  procedure  consists  of  the  same  steps  as  the  engine 
life  design  procedure.  These  steps  ate 

-  performance  calculation  (gas  temperatures  and  pressures) 

-  calculation  of  temperature  distributions  for  the  components 

-  stress  calculation  for  all  critical  areas 

-  damage  assessment  for  each  critical  area  with  respect  to  stress  and  temperature 
history. 

For  the  purpose  of  engine  life  usage  monitoring,  mathematical  models  are  employed 
for  all  these  steps.  These  algorithms  have  been  specially  developed  (/4,  5/)  in 
such  a  way  that  they  are  accurate  enough  to  match  the  results  of  the  design  procedure 
within  accepted  limits  and  that  they  are  simple  enough  to  be  implemented  in  an 
on-*board  real-time  microprocessor  system  such  as  OLNOS. 

LCF  life  usage  monitoring  requires  coverage  of  the  complete  engine  running  tem¬ 
perature  and  stress  history  for  each  of  the  monitored  areas,  which  number  more 
than  40  with  the  RB199  engine.  This  demands  that  In  the  main  calculation  process 
each  of  these  steps  must  be  repeated  in  every  0.5-second  time-increment. 

In  particular,  the  steps  of  the  LCF  monitoring  procedure  are  carried  out  as  follows. 


9.1  PERFORMANCE  CALCULATION 

The  performance  calculation  consists  of  the  estimation  of  temperatures  and  pressures 
In  the  gas  path  and  the  cooling  air  paths. 


9.2  TEMPERATURE  CALCULATION 

The  metal-temperature  distribution  of  thermally  highly-loaded  components  is  calculated. 

The  initial  temperature  estimation  is  achieved  by  using  the  ambient  temperature. 

For  the  main  calculation  the  temperature  distribution  is  calculated  at  the  end 
of  each  time  increment  using  the  temperature  distribution  at  the  beginning  of  this 
increment  and  the  performance  data  and  speeds  during  this  increment. 

The  temperature  distribution  of  the  shutdown  peak  is  calculated  using  the  temperature 
distribution  and  the  performance  data  and  speeds  of  the  last  main  calculation  increment. 

The  metal-temperature  distribution  of  thermally  lowly-loaded  components  is  assumed 
to  be  constant. 


9.3  STRESS  CALCULATION 


Total  stresses  are  calculated  for  each  monitored  area,  summing  centrifugal  stresses, 
thermal  stresses  and  additional  stresses. 

Centrifugal  stresses  are  related  to  the  squared  speed.  Thermal  stresses  are  derived 
from  the  actual  temperature  distribution  of  the  component  (which  includes  initial 
temperatures  and  shutdown  temperatures,  respectively).  Additional  stresses  cover 
stresses  frc»n  gas  pressure,  bolt  clamping,  etc. 


Calculating  the  total  stresses  time  increment  by  time  increment^  stress  histories 
arise  step  by  step  for  all  monitored  areas. 


9.4  EXTRACTION  OF  STRESS  CYCLBS 

Stress  cycles  are  extracted  from  the  stress  histories  using  a  rainflow  algorithm. 

The  rainflow  algorithm  allows  most  of  the  subcycles  to  be  found  during  the  main 
calculation  process.  But  the  main  cycle  is  always  gained  during  the  final  calculation 
process  when  the  actual  engine  run  is  finished.  The  corresponding  temperatures 
are  also  acquired.  Each  cycle  is  characterized  by  its  lower  stress  value,  its  upper 
stress  value,  and  the  corresponding  temperatures. 


9.5  DAMAGE  ASSESSMENT 

Fatigue  per  cycle  is  calculated  Immediately  when  a  cycle  is  found.  This  increment 
of  fatigue  is  calculated  with  respect  to  stress  range  and  mean  stress  as  well  as 
temperature  and  reatrial's  properties.  So  each  cycle  produces  a  fatigue  increment, 
which  all  are  summed  up  during  a  particular  engine  run,  separately  for  each  monitored 
area. 

The  fatigue  sura  over  this  particular  engine  run  Is  completed  during  the  final  calcu¬ 
lation  process.  All  fatigue  results  are  checked  for  plausibility  with  respect  to 
flight  time  as  well  as  to  the  number  of  faults  detected  by  the  input  data  check. 

If  that  check  fails,  the  results  will  be  rejected  and  appropiate  diagnosis  accounts 
will  be  set.  If  the  fatigue  results  pass  the  plausibility  check  they  will  be  added 
to  the  stored  LCP  accounts. 


10,  PERFORMANCE  TREND  MONITORING 

For  performance  trend  monitoring  an  automatic  placard  check  is  carried  out.  It 
is  carried  out  a  maximum  of  once  per  engine  run. 

Placard  conditions  are  met  when,  for  the  first  time  within  an  engine  run,  the  pilot's 
throttle  is  set  to  Max  Dry  and  the  low  pressure  spool  speed  exceeds  a  given  level. 
After  allowing  a  few  seconds  for  the  engine  conditions  to  stabilize,  average  values 
of 


-  low-pressure  spool  speed, 

-  high-pressure  spool  speed, 

-  turbine  blade  temperature, 

-  air  Intake  temperature 

are  registered.  Speeds  and  turbine  blade  temperature  are  normalized  to  ISA  conditions 
using  the  air  intake  temperature.  These  corrected  values  are  stored.  A  status  code 
is  also  stored,  containing  the  information  whether  the  placard  procedure  has  begun, 
or  whether  it  has  finished  correctly  or  incorrectly.  Furthermore,  it  discriminates 
between  flights  and  engine  ground  runs. 

Trending  results  of  five  engine  runs  are  stored  for  each  aircraft  engine  within 
the  DAU,  When  actual  trending  data  are  stored,  the  oldest  data  are  overwritten. 

Trending  results  and  trending  status  are  transferred  via  HHT  to  the  OGS,  which 
provides  the  option  to  store  and  display  up  to  50  trending  results  for  each  engine. 

The  results  of  speeds  and  turbine  blade  temperature  are  shown  in  relation  to  reference 
values  which  depend  on  settings  of  the  engine  control  unit.  They  are  obtained  from 
engine  setting  runs  and  are  updated  within  the  OGS  via  keyboard. 

The  engine  performance  trend  can  be  judged  using  these  trending  displays. 


11.  DIAGNOSIS  AND  STATISTICS 


Sane  status  codes  are  stored  in  accounts  such  as  LCF  calculation  status,  trending 
status  as  well  as  several  diagnostic  times  and  numbers.  These  accounts  are  transferred 
via  HHT  to  the  OGS  by  the  milking  procedure,  too.  In  case  of  failure,  these  accounts 
provide  information  for  diagnosis  purposes. 

Flight  and  engine  data  are  checked  as  mentioned  above.  For  each  signal  a  separate 
counter  Is  provided.  If  any  data  do  not  pass  the  check,  the  respective  counter 
is  incremented. 


Plausibility  chacks  of  tha  LCP  rasulta  ara  carriad  out*  where  plausibility  is  checked 
with  respect  to  tha  flight  tiaa  and  tha  nuaber  of  input  data  faults  provided  by 
the  data  check.  The  check  result  is  stored  in  a  LCP  calculation  status  code.  In 
case  of  failure  it  contains  Inforaation  about  the  conditions  which  caused  the  failinq 
of  the  check.  If  the  result  check  falls  the  period  without  valid  LCP  results  will 
be  accuauiated  and  stored.  This  value  will  be  used  in  the  OGS  for  data  corrections. 

The  nuaber  of  engine  runs  and  the  nuaber  of  valid  LCP  accuaulations  is  counted. 

Several  iaportant  periods  of  tiae  are  aeasured  such  as  engine  running  time,  engine 
flight  tiae»  waraing  up  and  cooling  down  periods,  as  well  as  periods  of  limit  exceedance 
of  some  input  signals. 

All  these  results  are  useful  to  support  troubleshooting  in  case  of  BLCMP  failure. 


12.  SOFTWARE  DEVELOPHEWT  AND  IWTBGRATIOW  WITHIN  HARDWARg 

The  BLCMP  software  is  designed  as  a  fully  modular  structure.  This  provides  the 
software  for  module  interchangeability,  necessary  for  adaptation  to  future  engine 
configuration  modifications. 

The  aicroprocesaor  software  code  was  developed  ar  shown  in  Pig.  S.  The  source  code 
was  written  in  FORTRAN  77'language  for  most  of  the  modules,  and  then  transferred 
into  C-language.  Other  modules  were  developed  in  C-language  directly.  The  source 
was  then  compiled  on  the  development  system  for  the  target  system  and  loaded  into 
the  microprocessor  within  the  DAO. 

The  software  was  verified  initially  on  the  development  system.  Pinal  verification 
was  made  on  the  target  system  under  real-time  conditions. 

The  hardware  configuration  is  shown  in  Pig.  6.  The  BLCMP  software  is  installed 
in  processor  system  2  for  the  LH  engine  and  In  processor  system  3  for  the  RH  engine. 
Both  systems  operate  Independently  of  each  other. 

The  two  systems  are  identical  with  regard  to  both  hardware  and  software.  Both  systems 
are  connected  with  system  1  by  a  bidirectional  bus.  With  respect  to  BLCMP,  system  1 
has  the  tasks  to  condition  the  flight  and  engine  data  for  system  2  and  3,  to  handle 
the  monitoring  control  parameters  which  are  stored  in  BBPRONs  within  system  1, 
and  to  control  the  data  transfer. 


13.  RESULTS 

OLNOS  has  been  in  operational  service  service  since  19S7,  and  first  results  are 
now  available. 

Some  of  these  provisional  results  are  given  in  Pig.  7.  The  frequency  distribution 
of  the  fatigue  ratio  is  shown,  where  fatigue  ratio  means  fatigue  calculated  with 
BLCMP  over  fatigue  calculated  with  B-factors.  These  figures  are  given  for  three 
selected  representative  monitored  areas. 

They  show  completely  different  shapes  of  the  distribution  curves.  But  the  curves 
have  in  common  that  they  cover  a  wide  range  of  ratios.  That  fact  proves  the  B-factors 
being  not  adequate  for  life  monitioring  of  military  aircraft  engines,  because  the 
S-factors  do  not  cover  all  the  infuences  of 

-  mission  type  and  variations  in  mission  mix 

-  air  base 

-  difference  in  handling  of  LH  and  RH  engine 

-  climate  and  weather 

-  individual  pilot's  behaviour, 

which  are  naturally  covered  by  an  on-board  monitoring  system  such  as  OLMOS. 

The  distribution  curves  have  also  in  common  that  their  mean  values  -  marked  by 
the  dashed  lines  -  are  more  or  less  smaller  than  unity.  Th*8  shows  that  the  overall 
life  consumption  individually  calculated  by  BLCMP  is  smaller  than  generally  calculated 
with  B-factors,  although  the  basic  lifing  concept  is  the  same.  This  means  that 
individual  parts  will  remain  in  service  for  longer  periods,  reducing  the  cost  of 
replacement  and  spare  parts. 
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DISCUSSION 

Keith  C.  HOBBS 

Your  paper  states  that  data  found  to  be  implausible  is  substituted, 
wherever  i>ossible,  by  calculation  from  other  plausible  data  with  a 
functional  relationship  or  by  substitution  of  complete  previous  data 
set.  Do  you  have  any  figures  on  frequency  of  8ubstltutions«perhaps 
a  ball  park  percentage? 

Author's  Reply: 

The  reliability  of  the  signals  is  in  general  very  high.  The  number 
of  signals  faults  is  less  than  O.IX.  except  one  signal  where  a  hardware 
problem  of  the  sensor  exists.  The  correction  of  that  faulty  signal 
leads  to  a  slight  overestimation  of  the  calculated  life  consumption. 
Accumulated  periods  of  data  faults,  which  do  not  exceed  2%  of  the  engine 
running  time,  do  not  influence  significantly  the  monitoring  results. 

G.D.XISTRIS 

What  fatigue  model  is  used  to  estimate  LCF  damage  and  how  reliable 
are  the  results  obtained? 

Author's  Reply: 

U3F  damage  is  accumulated  linearly. 

The  results  are  in  line  with  the  basic  design  policy.  The  algorithms 
within  OLMOS  are  derived  with  adequate  accuracy  from  those  used  for 
engine  design  and  so  the  results  reflect  the  reliability  of  the  design 
procedure.  Verification  is  done  by  a  sampling  program. 
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RECEWT  me  TRIALS  IM  EMGIMB  HEALTH  HQMITORING  -  FEKPaAOC  AMD  FEEDFORWARD 


by 

M  J  SAP8ARO 

ProcureBCQt  Executive^  Ministry  of  Defence 
Directorate  of  Engines 
St  Giles  Court 
U)NOON  IIC2B  8LD 


8UIMART 

Engine  health  ■ooitorlng  effectiveness  had  to  be  quantified  prior  to  large  scale  conaitnent  by  the  UK 
Services.  This  paper  describes  aoae  of  the  activities  undertaken  In  Air  Staff  Target  603»  a  profraate 
set  up  to  assess  that  effecclveneas.  Also  described  are  aoae  of  the  Incidental  lessons  learned  froa  this 
and  other  related  health  •onltorlng  exercises. 


1.  Introduction.  Air  Staff  Target  603  was  to  deaonstrate  the  effectiveness  of  engine  health  nonitorlng 
procedures.  The  physical  enbodlaent  and  deaonscratlon  occurred  in  conjunction  with  several  other  related 
exercises.  Perhaps  Inevitablyi  the  general  historical  perception  of  all  of  these  has  conklned  into  a 
single  entity  •  naaely  AST  603.  This  paper  describes  the  specific  project  but  inescapably  refers  to 
those  other  activities  which  were  instruaental  in  the  decisions  of  the  UK  Services  to  adopt  their  current 
health  nonitorlng  policies. 

In  the  late  1970s  many  longstanding  questions  regarding  the  cost  effectiveness  of  engine  health 
•onltorlng  techniques  were  unanswered.  The  advent  of  noduXar  engines  and  the  exchange  of  modulea  between 
engines  had  renewed  doubts  both  about  ths  effectiveness  of  existing  safety  margins  for  life  critical 
parts  and  about  the  econoalce  of  existing  •alntensnce  and  provisioning  practices.  Naturally*  there  was  a 
great  reluctance  to  alter  aechode  without  strong  evldencs  that  changes  were  neceseary*  and  of  ths  types 
of  change  that  should  be  node.  As  the  potentlel  savings  that  night  accrue  were  believed  to  be 
eigalflcsnt*  It  wee  decided  to  collect  in-flight  and  repair  data  tn  a  aethodical  aanner  so  that 
■aintenance  Infomation  could  be  correlated  to  usage.  If  successful*  It  was  hoped  that  a  wide  range  of 
polncere  to  Inprovenents  In  design*  cperetlon*  end  nslntenance  philosophies  would  be  gained. 

Subsequently*  12  Hawk  aircraft  at  RAF  Valley  were  ■odlfied  to  collect  relevant  engine*  aircraft  and 
anblent  data  throughout  flight.  The  date  was  stored  on  audio  caaaetces  that  were  analysed  on  a  Ground 
Data  Processing  Unit  (GOPU)  at  RAF  Valley.  Fro*  this  stored  data  life  coneuaptlon  end  performance 
calculations  were  made.  The  trial  also  used  manually  recorded  maintenance  data  from  normal  service 
documentation  produced  during  module  strip  at  RAF  St  Athan.  Several  novel  experimental  mechanical 
condition  monitoring  techniquae  were  also  trialled.  Date  from  ell  of  the  above  was  then  used  to  relate 
failure  modes  to  epproprisce  detection  methods. 

During  the  trial  some  disappointments  end  difficulties  were  encountered*  reducing  the  impact  that  the 
programme  might  have  had.  Notwithstanding  the  setbacks  the  trial  may  be  judged  e  success*  especially 
when  viewed  In  conjunction  with  other  contemporary  trials  and  studies.  The  outcome  la  that  It  la  now  the 
policy  of  ail  3  UK  Servlcea  to  fit  health  moalcoring  equipment  to  all  new  aircraft  entering  service. 
Increasingly*  these  ere  whole  aircraft  monitoring  eysteme  rather  then  engine  eyeteme,  and  ere  fleetwide 
rather  than  aample  fits*  with  a  large  element  of  ooboerd  life  ueage  celculation. 

2.  Objectivee  of  the  Trial.  The  overall  objective  was  to  prove  the  coat  effectlvenesa  of  Engine 
Condition  Nonltoriog  (BCM)  when  used  in  conjunction  with  comprehensive  On  Condition  Maintenance  (OCM). 
The  formally  specified  objectivee  were: 

a.  to  determine  the  extent  of  the  correlations  which  exist  between  engine  health  end  variations  In 
messursble  snglne  opersting  psrsmeters  on  the  Adour  Nk  ISl  engine; 

b.  to  devise  s  practical  method  for  presenting  the  correlatione  in  forme  which  could  be  used  for 
mslntenanca  purposes*  to  reduce  the  costa  of  owner-ship*  to  improve  aircraft  and  engine  svallsblllty 
end  flight  safety*  and  in  particular  to  ehow  how  these  correlations  could  beet  be  used  to  support  a 
policy  of  on-condltlon  mslotensnce  for  scro-eogines; 

c.  to  indicate  the  Individual  coate  of  development,  production  and  operation  of  all  the  elements 
of  the  data  collection  and  proceaalng  equipment  used  to  provide  end  preeent  those  correlations; 

d.  to  ehow  how  cost  savings  have  been,  e^ld  have  been*  or  would  be  obtained  by  applying  those 
correlations*  and  to  quantify  those  savings; 
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e.  Co  ahov  hov  laprovaMOCa  lo  alrcrofc  and  en^lae  availability  and  flight  safety  have  been,  could 
have  been,  or  would  be  obtained  by  applying  those  correlations  and  to  assess  the  benefits  thereof* 
quantifying  thee  wherever  possible; 

f.  to  devise  the  procedures  for  the  transfer  of  loforMtlon  and  data  between  Che  RAF.  OG  Eng  (PE) 
and  Industry  to  obtain  executive  action  to  achieve  those  benefits; 

g.  to  recoHsend  preferred  coebloatlons  of  EHM  techniques*  Including  the  information  transfer 
procedures*  to  maxlalse  Che  savings  of  improvements  or  both; 

h«  to  consider  the  extent  to  which  the  conclusions  of  the  trial  are  relevant  to  aircraft/ 

aero-englne  coablnaclons  In  general  and  to  Indicate  what  additional  work  would  be  necessary  to 
validate  and  to  quantify  the  benefits  for  particular  cases; 

1.  to  examine  the  in-service  nanagenent  structure  which  irauld  be  necessary  to  integrate  such  a 
systea  Into  the  RAF*s  aalntenance  organisation  at  all  levels  and  lines  of  servicing. 

These  objectives  led  to  a  prograaae  that  lasted  from  October  1981  to  early  1985  (some  four  and  a  half 
years)*  and  Involved  a  considerable  nuaber  of  people  froa  both  MOD  and  Industry. 

3.  AST603  Conceaporarv  Projects  and  Equipaeata.  The  first  digital  engine  monitoring  systea  for  t\\^ 
UK  Services  was  known  as  the  Engine  Usage  Monitoring  Systea  (EUHSl).  Introduced  in  1975  this  was 
essentially  a  systea  that  recorded  data  for  later  analysis  on  the  ground  in  the  Ground  Data  Processing 
Station  (GDPS)  managed  by  Rolls  Royce*  Bristol.  The  data  captured  and  analysed  with  this  systea 
substantiated  the  case  for  further  developsencs . 

The  first  development  was  BUMS2  which  also  performed  Low  Cycle  Fatigue  (LCF)  life  usage  calculations  In 
real  time.  These  results  were  displayed  at  first  line*  with  bulk  data  for  further  analysis  being 
returned  to  the  GDPS.  At  about  Che  saae  time  a  dedicated  Low  Cycle  Fatigue  Counter  (LCFC)  was  also 
developed.  This  accepted  engine  spool  speed  data  froa  a  variety  of  standard  aircraft  transducers* 
executed  life  usage  algorithas  In  real  time  and  displayed  the  results  at  the  end  of  each  flight. 

EUHSl  and  2  are  still  In  use  on  a  wide  variety  of  aircraft.  The  LCFC  Is  now  used  only  on  the  Hawk.  It 
was  once  intended  for  fit  to  the  Tornado  but  was  cancelled  to  provide  short  term  cost  savings  necessary 
during  the  financial  aoratorlua  of  the  early  1980s. 

In  1984  an  extensive  study  of  the  cost  effectiveness  of  different  levels  of  engine  monitoring  on  the 
Adour  Mk  ISl  engine  (Hawk)  and  RB199  (Tornado)  was  completed.  This  was  heavily  dependent  on  data  froa 
the  EUHSl  and  LCFC  equipoents  and  analysis  programmes. 

4.  Project  Organisation.  The  project  organisation  was  surprisingly  simple  in  view  of  the  ambitious 
objectives.  Putting  the  HOD  bodies  to  one  side  (the  RAF  and  the  Procurement  Executive)  six  companies 
were  Involved  of  which  five  were  contracted  directly  by  M0D(PE>.  A  seventh  company  was  directly 
contracted  to  produce  software  for  the  Prototype  Infoniaclon  Management  System  which  was  a  follow-^n 
taak. 

NOD(Air)  was  responsible  for  in-service  management*  whilst  the  Central  Servicing  and  Software  Development 
Establishment  (CSOB)  were  responsible  for  all  day-to-day  in-service  activities*  which  were  considerable 
and  encompassed  operation  of  the  GDPU  facility*  collection  of  strip  data*  software  development  and 
correlation  of  diagnostic  cause  and  effect  date.  HOD(PE)  were  responsible  for  managing  the  Industrial 
aspects  of  the  project. 

The  companies  involved  were: 

Rolls  Royce  plc  -  the  engine  manufacturer  who  was  responsible  for  specification  uf  the  functional 
requirements  Le:  the  Ilflng  algorithms*  performance  diagnosis*  definition  of  the  engine 

measurements*  the  engine  modifications,  design  of  ehe  CSDE  GDPU*  and  running  the  Ground  Data 
Processing  Station  at  Bristol.  They  naturally*  were  also  responsible  for  engine  related  advice  to 
all  of  the  participants. 

British  Aerospace  plc  ~  the  aircraft  manufacturer  provided  the  aircraft  modifications  and  sensors. 

Plight  Data  Company  Ltd  -  assisted  CSDE  and  Rolls  Royce  In  the  analysis  and  Interpretation  of 
in-flight  data. 

Pleaaey  Avlonica  Ltd  -  were  responsible  for  the  Engine  Usage  Monitoring  System  and  Its  associated 
replay  facility  to  pass  data  to  the  GDPU. 

Scicoo  Ltd  -  were  responsible  for  producing  the  software  for  the  Prototype  Information  Management 
System  (PIHS)*  which  was  a  follow-up  activity. 

Stewart  Huthaa  Ltd  -  produced  the  expert  system  software  for  per.  srmance  analysis  and  diagnosis 
besad  on  small  change  matrix  data  froa  Rolls  Royce.  They  were  also  subcontractors  to  Sclcon  for  the 
PIMS. 

Vioten  Ltd  (then  Davall)  -  supplied  the  airborne  recording  equipment*  which  was  already  standard 
equipment  in  service*  as  part  of  the  Engine  Usage  Monitoring  System  (EUNS). 
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The  RoXle  Royce,  Pleeecy  end  Vlnten  equlpaent  «ee  elreedy  In  uee  In  e  releted  Lov  Cycle  Fatigue  (LCF) 
life  cottsuaptlon  aonltorlng  ezerclee,  aa  the  SUjfS  Me  1  programme. 

S.  The  Trial*  Twelve  Hawk  T  Me  I  training  aircraft  at  RAF  Valley  were  InaCrueented.  It  waa  conaidered 
eaaentlal  chat  the  trial  did  not  cauae  any  dlarupcion  to  the  flying  prograne  of  either  cheae  or  any  of 
Che  ocher  60  aimilar  aircraft  at  RAF  Valley.  Due  to  the  abort  tumround  else  for  the  aircraft  It  waa 
neceaaary  to  be  able  to  replay  and  analyae  caaaetce  data  within  10  elnutea  ~  the  wlnlaua  period  between 
succeaaive  fllghta  -  ao  that  Che  crew  could  be  briefed  on  any  engine  deterioration  detected.  With  a 
typical  flying  tlae  of  30  houra  per  eonth  It  waa  anticipated  that  sowe  15  000  aortlea  would  be  flown 
during  the  trial.  The  data  from  cheae  fllghta  waa  to  be  calibrated  and  atored  on  wagnetlc  tape  and  the 
GOPU  waa  alsed  accordingly. 

In  caae  of  breakdown,  the  alamar  Ground  Data  ProcMalng  Station  (GDPS)  at  Rolla  Royce  Brlatol  waa  to 
provide  the  neceaaary  aupport.  Thla  equipaent  waa  alallar  to  and  In  addition  to  the  ayatee  already 
Inatalled  at  Rolla  Royce  for  the  BUMSl  and  2  data  collected  iron  ocher  aircraft.  It  waa  uaed  for 
prograaae  aupport,  to  prepare  apeclf Icatlona  and  eoaputer  prograaa  for  analyala  of  data,  and  to  develop 
aoftware  to  ovcrcoae  unforeaeen  probleea. 

The  functional  eleeenta  of  the  engine  eonltorlag  ayatea  were  eaaentlally: 

Life  usage  aonlcorlng  -  low  cycle  fatigue,  theraal  fatigue  and  creep, 

Mechanical  condition  aonltorlng  -  vibration,  turbine  cooling  air  teaperature,  oil  debris  aonlcorlng 
etc , 

Perforaance  aonltorlng  -  trending  and  dlagnoela, 

Llalt  exceedance  aonltorlng  -  speeds  and  teaperaturea. 

Other  failure  detection  techniques  were  later  trialled  or  tested  as  an  extension  to  AST603.  These 
Included  gas  path  particle  analysis,  based  on  capturing  particles  on  carbon  “targets'*;  use  of  conductive 
wire  and  paint  to  detect  cracking  of  static  parts;  and  vibration  analysis. 

5.1  Life  Osage.  The  low  cycle  fatigue  life  usage  calculation  on  rotating  coapooenta  Illustrated 
the  potential  for  llflng  baaed  on  cyclic  use  rather  than  engine  running  or  flying  houra.  Two  life 
expired  HP  coapressor  spools  were  Individually  given  extended  lives  due  to  this  eoDltoring,  thus 
deaonatratlng  the  conceptual  benefits  of  Individual  engine  life  aanagewent.  It  was  also  shown  that 
high  data  capture  rates  were  essential  if  such  techniques  were  to  be  used  In  a  routine  wanner.  Only 
702  of  the  Ideal  data  capture  rate  was  achieved.  Reasons  for  data  losses  were; 

Failure  of  grouod/alrcrew  to  fit  a  cassette. 

Cassette/recorder  failure. 

Data  channel  faults  le  sensors  or  trlrlng. 

The  winlauw  acceptable  data  capture  rate  for  Individual  engine  life  aanageaent  was  estiaated  to  be 
952.  Relnf orceaent  was  also  given  to  the  already  recognised  need  to  calculate  usage  data  In 
real'tlae  on'-board  the  aircraft  so  that  dats  losses,  ground  systea  processing  tlaes  and  overheads 
could  be  reduced. 

Creep  life  consuaptlon  calculation  was  Intended  to  aonltor  HP  turbine  blade  life.  Due  to  lack  of 
data  quality  and  lapendlng  work  on  other  turbine  llflng  programmes  no  useful  deaonstratlon  was 
achieved. 

Therisal  fatigue  wee  the  moat  difficult  usage  aeasure  to  develop.  An  early  algorlcha  waa  proved  to 
be  unsatisfactory,  and  a  new  algorithm  was  withheld  until  the  aethod  Involved  had  been  aore 
thoroughly  demonstrated  on  rigs. 

5.2  Mechanical  Condition  The  aechenlcal  coxidltlon  aonltorlng  objective  was  to  prove  whether 
■ethode  other  than  aagnetlc  chip  detection,  boroscopy,  slaple  broad  band  vibration  analysis  and  oil 
coneuaptlon  could  be  effectively  applied  In  e  Service  envlronaent.  A  very  wide  range  of  techniques 
was  examined  in  relation  to  mechanical  problems  observed  on  the  Adour  during  the  trial,  of  t'uese,  3 
techniques  were  selected  as  applicable  during  the  timescale  of  the  trial.  These  were: 

Gas'^psth  particle  detection  and  analysis.  Carbon  pads  installed  in  the  Jet  pipe  were  used  to 
catch  metallic  particles  generated  within  the  engine.  Ihese  were  removed  at  25  hourly 
Intervals  sod  anslyssd  st  Rolls  Royce  Rrletol.  The  work  continued  beyond  the  trial,  but  was 
not  a  succsss,  due  to  difficulties  in  selecting  a  pad  material  that  could  wlthataod  the 
envlronaent  and  yet  still  be  soft  enough  to  allow  laplngelng  psrtlclee  to  eabed  themselves. 
Pad  contamination  froa  other  sources  was  also  e  problea. 

Detection  of  cracked  compressor  stator  vanes  was  stteapted  as  this  Is  an  occasional  problea  in 
this  engine  end  necceeltetes  e  periodic  Eddy  Current  Inspection.  A  reliable  detection  device 
would,  (c  was  considered,  significantly  reduce  the  servicing  workload.  The  technique  selected 
was  to  "paint*'  a  contlnuoua  conductor  along  each  vane  so  that  any  loss  of  continuity  would 
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Indicate  van*  cracking.  Chacka  could  ba  nada  althar  at  intarvaltf  or  contlnuoualy  ualng  the 
onboard  data  recorder.  Although  the  aodlflcatlon  waa  not  approved  during  the  trial »  It  waa 
aubaaquantly  taatad  on  the  az*AST603  aircraft  but  found  to  give  a  high  falac  alam  rate  due  to 
paint  daaage  and  unreliable  eonnectore. 

Vibration  el^ture  nonlcorlng  uaa  acteaptad,  by  naaaurlng  total  lavela.  However,  the  digital 
aanpilng  technique  uaed  precluded  detailed  analyale,  and  the  particular  nethod  uaed  waa  not  a 
conplete  aucceaa.  Ronetbeleaa,  It  provided  a  uaable  vibration  aignature  which  could  have 
foraed  the  baala  of  a  production  ayatea.  It  alao  provided  tnfomatloo  on  the  variation  of 
vibration  lavela  with  altitude.  Other  prograaaea  of  work  have  Inveatlgated  theae  technlquea 
auch  aore  thoroughly  with  reapect  to  both  airborne  and  ground  baaed  equlpaeata.  In  general, 
work  la  now  procaedlng  down  2  aaln  routea:  dynMic  generation  of  Campbell  "Spoke**  dlagrana  and 
for  traaaalaalona  and  gaarboxaa  coaplea  aerial  avaraglng  tachnlquea  are  enployed.  Expert 
ayaton  approaebaa  to  tha  analyaia  ara  alao  being  explored. 

5.3  Perfomance  Trending  and  Diaxooale.  Performance  trending  and  dlagnoala  was  undertaken  to 
eatabllah  whether  correlatlone  between  the  physical  condition  of  the  engine  and  Ita  perfomance 
could  be  achieved.  To  thla  end  IS  aircraft  end  engine  parenetera  (neaaurenente)  were  recorded.  The 
GOPU  wee  then  used  to  extract  a  5  aacood  aanple  of  data  which  waa  taken  fron  each  sortie  st  2 
specific  flight  windows.  Theae  were  at  take-off  end  during  cUnb. 

The  date  waa  corrected  and  preeanted  as  trend  deltee,  defined  as  the  difference  between  the  neaaured 
and  thaoretical  values  baaed  on  e  detun  (fleet  average)  engine.  During  the  trial  it  became  evident 
that  no  elgolflcant  performance  deterioration  was  occurring.  Thle  waa  attributed  to  the  elnple  fact 
Chet  the  engine  had  a  robust  thermodynamic  cycle  that  rendered  it  aomewhet  (nsenaltlve  to  small 
changes  in  emponent  efficiency.  This  meent  that  moat  engine  removals  were  due  to  life  expiry  of 
components  or  other  mslntenance  coneideretlons. 

Early  attempts  were  unsucceeafuL  due  to  s  comblmetlon  of  unsstisfsetory  Instrumentation  and  errors 
in  software.  Theae  were  unrelated  but  made  fault  dlagnoala  difficult.  Consequently  it  took  eome  2 
years  to  achieve  a  satisfactory  standard  of  data. 

The  diagnostic  technique  to  be  applied  to  the  performance  trends  wss  Initially  as  problematical  as 
Che  trending  Itself.  Based  on  e  amali  change  matrix  approach  which  shows  the  expected  changes  In 
trended  meaeuremente  for  a  one  per  cent  change  In  say  efficiency,  throat  capacity  or  sons  other 
engine  parameter.  Thla  waa  vlsuallsad  via  "Star  Charts"  which  provided  a  graphical  representation 
of  the  changes.  Theae  were  fairly  effective  when  oalj  e  single  component  deterlorsted ,  but  multiple 
component  deterioration  raaulted  in  confusion  for  tha  Intcrpretar.  The  final  approach  was  to  use 
"Expert  System"  techniques  to  relate  trend  plots  to  actual  defects  discovered  during  inspection. 
This  proved  to  be  a  breakthrough  In  aaetetlng  Incerpretatton. 

Unfortunately  the  trial  finished  after  only  twelve  months  of  the  executive  phase  during  which  the 
fully  Implemented  system  was  trialled,  and  before  e  conclusive  demonstrstlon  of  the  power  of  this 
approach  was  achieved.  Originally,  an  executive  phase  of  three  years  duration  had  been  envisaged. 
It  should  be  stated,  however,  that  a  correct  diegnosle  was  made  for  the  last  2  engines  rejected. 

In  addition  to  the  above  the  CSOE  tem  independently  established  a  CO/NO  GO  parametric  thrust 

msesurlng  technique  using  exhaust  duct  pressures  and  HI.  This  was  demonstrated  on  the  RAF 

Un-inetalled  Engine  Test  Peclllty  to  be  capable  of  Indiceting  thrust  within  2X  under  test  bed 
conditions.  AST603  data  was  inadequate  for  this  purpose,  due  to  instrumentation  and  date 

inedequeclee. 

5.4  Limit  Exceedance  Homitorlng.  Limit  exceedance  nsnltorlng  provides  an  Indication  of  abnormal 
engine  operation  that  Is  potentially  damagliig.  Three  types  of  exceedence  were  monitored: 

Standard  fixed  limits  -  Ny,  N^,  TGT,  vibration  and  turbine  cooling  elr  temperature. 

Time  limits  -  TGT. 

Individual  engine  limlte  -  vibration. 

Uaed  primarily  to  confirm  pilota*  reports  the  exceedence  alert  system  proved  its  worth,  and  extended 
knowledge  of  the  behaviour  of  the  engine  throughout  Its  envelope.  An  example  wss  the  discovery  rhsf 
the  vibration  aignature  changed  algnif tcancly  et  altitude,  indicating  the  need  to  capture  adequate 
vibration  data  In  the  air  to  allow  analyaia  on  the  ground. 

3.5  Cost  Analysis.  One  objective  was  to  show  bow  maintenance  cost  savings  could  be  made  by  uatng 
engine  health  monitoring.  The  AST603  aircraft  engine  operating  costs  were  to  be  compared  with  a 
control  group  of  aircraft.  Because  of  difficulties  In  determining  complete  costs  due  to  external 
conaeralnca,  only  the  following  wera  considered: 

Direct  manhour  coata  at  first  sod  second  line. 

Direct  manhour  coats  at  module  overhaul  (3rd  line). 

Repair  parts  cost  at  module  overhaul. 
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Coa«uaabl*a  at  sacood  llaa. 

All  other  coate  were  excluded.  Coat  data  «ms  extremely  limited.  The  following  simplifying 
aaaumptlona  were  made: 

All  trades  attracted  the  same  races ^ 

Superviaora  were  Chief  Technicians  or  Sergeants » 

Civilians  attracted  Service  rates » 

Spares  were  coated  ac  1  April  1904  rates. 

There  were  19  "occurrences"  in  the  AST603  group  and  21  In  the  control  group.  Howver  the  total 
costs  of  the  AST603  group  were  some  ISZ  higher  than  that  of  the  control  group. 

The  ElQi  techniques  were  not  all  proven  or  in  place  at  the  time  of  the  coat  analysts*  More 
Importantly  the  duration  was  too  short  to  smooth  out  dlstor  tions  due  to  an  unrelated  engineering 
campaign  and  the  associated  discovery  and  correction  of  secondary  damage.  Purely  by  chance,  the 
effect  was  greater  upon  the  AST603  engines. 

During  the  course  of  the  AST603  trial  the  parallel  BUMS  1  programme  achieved  new  cyclic  exchange 
rates  for  the  Adour  Mk  151  engines.  This  effectively  removed  the  opportunity  for  AST603  to  achieve 
the  same  thing  and  claim  the  associated  coat  benefits.  The  exchange  rates  changed  by  a  factor  of 
2*3  cycles  per  hour.  This  generated  an  estimated  saving  of  £45M  over  20  years. 

Despite  the  difficulties,,  this  and  other  trials  provided  sufficient  evidence  to  prove  the  cost 
effectiveness  of  engine  health  monitoring  ouch  that  EBM  1$  now  recognised  as  cost  effective  within 
the  UK. 

6.  Kesults  of  the  Trial  -  Feedback.  The  objectives  were  to  assess  the  technical  and  economic  viability 
of  engine  health  monitoring.  A  suMsry  of  the  extent  to  which  the  objectives  were  met  la  given  below, 
and  may  be  compared  with  the  sub-paragraphs  of  Section  2  corresponding  to  those  below: 

a.  The  extent  of  the  correlations  which  existed  between  engine  health  and  deterioration  was  not 
fully  established,  but  the  potential  was  clearly  demonstrated.  It  was  possible  from  assessment  of 
the  trend  plots  to  identify  a  deteriorating  nodule  and  assign  a  probability  or  confidence  factor  to 
the  analysis.  This  was  achieved  by  use  of  'expert  system*  techniques,  which  were  a  powerful 
software  development  tool. 

b.  A  practical  method  for  presenting  the  correlatione  in  a  usable  form  was  demonstrated  via  the 
expert  system  display. 

c.  The  individual  costs  of  development,  production  end  operation  of  the  EHM  system  relating  to  non 
RAB  setivitiss  were  well  documented. 

d.  Coec  eevlnga  due  to  EHM  were  inconclusive  during  the  one  year  cost  measurement  phase,  due 
largely  to  the  short  trial  period,  end  to  the  feet  that  not  sH  elements  of  the  EHM  systeti  were 
fully  functional  at  the  time. 

e.  Improvements  in  svellsbility  and  flight  safety  were  not  directly  demonstrated.  However 
considerable  use  was  made  of  ths  data  during  diagnosis  of  reported  defects*  These  Included  reported 
thrust  pulsing,  cockpit  captions  lie,  vibration  levels,  surges  and  flsmeouts.  Additionally,  the  EHM 
recorder  survived  2  crashes  and  provided  vltel  evidence  to  the  Board  of  Inquiry.  In  one  case  the 
Accident  Oats  Recorder  was  not  functioning  and  in  the  other  it  was  destroyed.  In  both  cases  the 
ASTb03  recorder  broke  away  on  impact. 

fgi)  Ths  procedures  that  already  existed  for  transfer  of  information  between  the  RAR,  HOD(PE)  and 
Industry  wars  demonstrated  to  be  sound.  It  was  confirmed  that  CSDE  should  ssslst  from  the  esrly 
stages  of  any  project  in  choosing  appropriate  techniques  sod  setting  alarm  levels  with  the  HOD 
project  office,  and  that  these  should  be  promulgated  through  the  U>cal  Technical  Coamlttees  and 
tschnicsl  publlcstloos. 

gUi)  Prsfarred  combinations  of  EHM  techniques  were  not  recommended.  It  was  shown  that  in  general 
ths  avsilsbls  techniques  are  complsmsntsry,  albeit  with  so  overlap  in  some  treat.  This  overlap  is 
not  a  disadvantage  as  it  may  provide  diagnostic  confirmation  or  alternatively,  information  where  one 
technique  has  failed.  Techniques  to  be  conalderad  are: 

Indirect  thrust  aatlmation, 

Performanca  trandlng  and  dlagnoala. 

Vibration  analysis  and  diagnosis, 
incident  analysis  (Pilot  Initiated), 
itaitomatlc  axcaadanca  recording, 

Vow  cycle  fatigue  monitoring  (raal-tima  on-boeru). 

Creep  end  Thermal  fatigue  monitoring. 

Oil  debris  monitoring. 
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During  engine  deBonetration*  design,  developBenc,  and  qualification,  consideration  should  be  given 
CO  all  of  Che  above  techniques  In  conjunction  «rlth  the  factors  listed  below: 

Engine  failure  modes, 

Operating  circumstances  of  the  engine  and  aircraft, 

Llflng  policy  and  maintenance  philosophy.  In  particular  the  minimum  issue  service  life  (HISL) 
required  for  any  engine  on  return  to  the  fleet  after  repair,  and  prior  to  its  next  removal  due  to 
life  expiry  of  a  life  limited  component. 

Realistic  estimation  of  savings  accruing  from  failure  prevention  and  avoidance  of  secondary 
damage , 

Coat  of  fitting  Che  neceaaary  equipment. 

Fleet  alae, 

Availability  of  test  facilities. 

Contracting  Policy  for  maintenance,  repair  and  overhaul. 

Imminent  and  rapid  changea  in  data  recording  and  transmission  technologies  were  anticipated  during 
Che  trial.  Because  of  this  It  was  felt  to  be  imprudent  to  make  any  firm  recommendations  on  ‘'the  way 
to  go".  However,  Che  2  extremes  are:  either  to  record  in  the  air  and  analyse  on  the  ground  or  to 
record  and  analyse  in  the  air.  The  former  Leads  to  large  ground  based  overheads,  whilst  the  latter 
does  not.  However,  the  latter  may  lead  Into  the  crap  of  not  retaining  enough  data  for  the  occasions 
when  further  analysis  is  required  to  explain  some  unanticipated  event.  For  this  reason  RAF  policy 
is  for  new  systems  to  have  a  bulk  data  recorder  as  an  optional  fit,  and  for  It  to  be  used  on  lOt  of 
Che  fleet.  This  provides  2  facilities  -  monitoring  of  the  continuing  correctness  of  Che  algorithms 
and  system  operation,  and  a  readily  fitted  device  to  asalat  In  trouble  shooting. 

7.  Current  EHM  Applications  ~  Feed  Forward «  Seven  fixed  wing  engine  health  monitoring  projects  have 
follotred  on  from  AST603.  They  vary  enormously  from  each  other  as  the  pressures  of  each  aircraft  project 
are  brought  to  bear.  Additionally,  my  colleagues  concerned  with  rotary  wing  aircraft  are  planning  end 
conducting  Helicopter  Operational  Data  Recording  (HODR)  exercises  on  Lynx,  Chinook  and  Seeking  using  EUKS 
based  equipment*  The  Anglo-Icallan  EHlOl  helicopter  is  also  offering  a  comprehensive  Helicopter  Usage 
Monitoring  system  (HUH).  A  brief  outline  of  each  fixed  wing  EHM  activity  is  given  below: 

7.1  Harrier  GR  Mk  5  and  AV  8B.  The  Harrier  GR  Mk  5  aircraft  Is  the  first  In  the  UK  to  have  a 
purpose  designed  EHM  system  Installed  from  initial  build.  The  functional  elements  are  directly 
derived  from  accumulated  previous  experience. 

Vibration  Monitoring  (15  narrow  band  channela  cross  related  to  engine  speeds) 

LCP  monitoring  -  6  components  using  real-time  "Ralnflow  analysis"  and  a  further  2<*  using  read 
across  factors. 

Creep  Monitoring. 

Thermal  fatigue  monitoring. 

Limit  exceedances. 

Pilot  Initiated  events 

Hover  Performance  ) 

)  follow  on  modifications 
Performance  Trending  and  diagnosis  ) 

Data  on  up  to  5  flights  can  be  downloaded  via  a  data  retrieval  unit  for  transfer  to  the  ground 
based  computer  known  as  the  Harrier  Information  System  (HIHS). 

7.2  Tucano .  Much  simpler  than  the  Harrier  system,  and  procured  In  haste,  many  desirable  features 
were  omitted  from  the  ENS*  Examples  are  lack  of  torque  monitoring  and  adoption  of  a  simplistic  LCF 
usage  monitor  which  does  not  use  ralnflow  technlquea. 

7.3  EFA.  Baaed  on  all  British,  German,  Italian  aod  Spanish  experience  to  date  this  aircraft  will 
have  an  Integrated  Monitoring  and  Recording  System  which  encompasses  all  airborne  systems.  For  the 
first  time  In  Europe  the  engine  specification  Includes  the  building  up  of  a  data  base  relating 
vibration,  oil  debris  and  performance  to  the  physical  condition  of  each  engine  on  strip.  This  will 
be  used  to  produce  a  powerful  diagnostic  capability.  At  the  time  of  writing  many  system  details 
hava  yet  to  be  finalised. 

7.4  Tornado  (RB199)  Mid  Life  Update  (MLU).  EUMSl  recorders  are  fitted  to  s  small  number  of  Tornado 
aircraft,  both  IDS  and  ADV.  The  variation  in  uaage  data  seen  to  date  has  caused  some  concern  end  a 
burgeoning  belief  that  parts  life  tracking  ehould  be  considered  for  a  small  group  of  lifed 
components.  Consideration  is  now  being  given  to  fitting  a  low  cycle  fatigue  counter  to  all  engines 
during  the  MLU. 
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7.5  BB199  Unlncflled  Eogloe  Teat  Pacllltle*  (UBTFa^-  Experience  has  ehova  that  RAF  personnel  on 
the  RB199  UEPTs  can  diagnose  80Z  of  all  probleaa  encountered.  The  reaalnlng  20Z  soaetlaea 
necessitate  a  degree  of  nugatory  strip  and  rebuild  work  that  would  be  better  avoided.  Based  on  a 
cost  effectiveness  case.  Rolls  Royce  and  CBC  are  producing  a  perfonance  analysis  and  diagnosis 
package  to  overcoae  these  difficulties.  Rolls  Royce  have  been  asked  to  base  It  upon  their  COMPASS 
performance  trending  and  diagnosis  system.  If  successful  this  will  be  the  first  allltary 
application  of  COMPASS. 

7.6  Tristar.  The  RAF  has  a  small  fleet  of  Trlstar  aircraft  used  for  tanking  and  troop  carrying. 
These  have  an  airborne  monitoring  system  fitted.  In  service  for  only  a  short  time  a  significant 
payback  has  already  bean  seen.  The  primary  example  is  that  of  an  engine  with  a  rising  vibration 
problem.  By  careful  monitoring  of  the  incipient  fault  trend  (within  acceptance  limits)  it  was 
possible  to  retain  the  engine  in  service  for  nine  months  longer  than  would  otherwise  have  been  the 
case. 


7.7  E3A  -  AWACS.  Entering  RAF  service  in  the  near  future  a  suitable  health  monitoring  system  is 
being  sought.  For  logistics  reasons  a  system  already  in  RAF  service  is  favoured. 

8  Observations.  In  addition  to  meeting  each  of  the  trial  objectives  with  a  greater  or  lesser  degree  of 
adequacy,  AST603  allowed  a  significant  number  of  lessons  to  be  learnt  along  the  way.  Many  were  obvious 
only  with  hindsight  and  others  merely  reinforced  the  conventional  wisdom  of  project  management  that  every 
project  must  (or  at  least  does)  reinvent  the  wheel.  No  apology  Is  offered  for  the  disjointed  list  of 
observations  made  below. 

The  objectives  of  AST603  were  to  assess  the  technical  and  economic  viability  of  engine  health  monitoring. 
Although  the  lack  of  knowledge  in  many  areas  was  recognised,  it  was  assumed  that  the  existing  technical 
knowledge  and  the  organisations  involved  provided  an  adequate  resource  to  overcome  the  majority  of 
problems  to  be  encountered.  This  assumption  was  not  unreasonable.  However,  the  organisational  problems 
encountered  were  such  chat  in  some  Instances  potentially  adequate  assistance  was  not  made  available. 
This  was  partly  due  to  conflicting  viewpoints  and  priorities  but  also  to  the  apparent  perception  that  the 
project  was  an  impractical  "scientific**  experiment  %rith  a  high  nuisance  value  to  the  mainstream  of 
maintenance.  Significantly  perhaps,  AST603  project  management  was  not  by  the  Adour  Mk  131  project  ceam, 
but  by  Che  BUCAMS  project  team.  In  future  any  similar  trial  should  be  managed  by  the  main 
aircraf t/englne  project  team,  if  necessary  with  specialist  advice.  This  is  increasingly  Important  as 
moves  toward  whole  aircraft  monitoring  systems  progress. 

The  choice  of  aircraf t/englne  fleet  chosen  for  a  trial  must  be  realistic,  even  if  inconvenient.  In  the 
case  of  AST603  a  training  squadron  was  chosen.  Because  high  performance  engines  were  not  Involved 
serious  performance  degradation  did  not  exist  and  was  therefore  difficult  Co  detect. 

Personnel  changes  should  be  minimised.  During  the  course  of  the  trial:  four  different  Squadron  Leaders 
held  Che  MOO(PE)  project  manager  post;  three  different  Flight  Lieutenants  held  the  CSDB  team  leader 
post:  and  three  different  engineers  held  the  Rolls  Royce  programme  manager  post.  All  of  this  occurred 
over  a  four  year  period,  and  allowed  all  concerned  to  make  their  own  Inferences  as  to  the  importance  of 
the  work  In  hand. 

Training  of  personnel  for  each  post  must  be  considered  seriously.  The  abilities  to  produce  software,  to 
be  familiar  with  maintenance  procedures,  and  to  have  an  in*'depth  theoretical  knowledge  of  thermodynamics 
and  structures  do  not  often  occur  in  people  assigned  to  such  work  without  careful  selectloo. 

Software  specialists  need  help  Co  produce  sensible  code,  which  must  be  validated  by  an  engineer  to  ensure 
correct  functionality.  This  could  be  Interpreted  as  meaning  that  the  engineers  are  unlikely  to  write  a 
sufficiently  comprehensive  specification  at  the  first  attempt. 

Failures  and  the  associated  symptoms  are  peculiar  to  each  engine  type  and  Its  application.  Monitoring 
techniques  must  therefore  be  selected  (and  weeded)  during  development.  Equally,  provision  must  be  made 
to  allow  additional  techniques  to  be  added  as  found  to  be  necessary  during  development  and  in-service. 

For  maximum  effectiveness  the  decs  relating  cause  and  effect  for  development  Failures  should  form  the 
basis  for  the  ground  based  maintenance  information  management  system  data  base.  This  is  also  probably 
Che  most  effective  way  of  delivering  a  usable  ground  environment,  at  Che  same  time  as  the  aircraft  Is 
introduced  into  service,  in  terms  of  function  and  capacity. 

Calculations  should  be  performed  on-board  wherever  possible,  because  this  minimises  the  ground  station 
workload,  and  costs.  Only  if  there  is  not  enough  confidence  in  the  llfing  algorithms  should  bulk  data  be 
transferred  to  the  ground  environment  for  routine  anelysis. 

Notwithstanding  the  above,  provision  should  be  mane  to  allow  an  optional  fit  of  a  bulk  data  recorder  for 
continuing  system  validation  and  trouble  shooting. 

If  performance  monitoring  and  fault  diagnosis  to  any  level  is  Intended  then  suitable  instrumentation  must 
be  fitted.  The  diagnosis  requirement  determines  the  instrumentation  fit  in  terms  of  quantity  of  sensors 
and  the  quality  of  measurement,  which  must  be  determined  during  engine  design. 

Contract  arrangements  for  repair  and  overhaul  must  take  into  account  the  advent  of  llfing  by  cycles 
rather  than  hours,  and  the  need  to  maintain  the  maintenance  information  management  database. 


IQ’S 

Aircraft  By»t€mm  «rc  claaalfled  In  three  cetegorlee  reoglog  froa  “Mfety  critical*  to  ‘’Bon-eeaentlal*'  HOD 
coaalder  Bffil  ayateaa  to  fall  la  the  middle  “eaaentlal*  category.  Thla  la  due  to  the  potential  for 
dormant  faulta  to  jeopardlae  aafety  if  accurate  life  control  of  engine  componenta  and  monitoring  of  the 
engine  conditlona  la  not  maintained. 

9.  Concluaiona.  The  diacoverlea  and  leaaona  learnt  from  AST  603  and  related  atudlea  and  projecta  paved 
the  way  for  vldeapread  gaa  turbine  engine  health  monitoring  In  UK  aervlce  aircraft. 

Now  that  BHM  la  widely  accepted,  and  the  concept  of  whole  aircraft  health  monitoring  la  following  cloaely 
behind,  attention  ahould  be  given  to  the  practlcalltlea  of  monitoring  other  mechanical  ayatema.  and 
pneumatic  and  hydraulic  ayatema.  Electrical  and  electronic  ayatema  appear  to  have  relatively  advanced 
BIT  capabllltiea,  and  conaideratlon  ahould  be  given  to  nurturing  advancea  In  the  other  ayatema.  It 
should  not  be  overlooked  that  the  coat  of  a  modem  military  aircraft  falla  approximately  equally  between 
atructure,  avionics  and  engines. 

Halo  project  office  reaction  to  health  monitoring  often  lies  at  one  of  the  two  extremes  of  either  “It's 
all  too  dlffflcult*  or  *it*a  too  basic  to  worry  me**.  Both  produce  the  same  neglect  which  cannot  easily 
be  rectified  at  a  later  date.  Hopefully,  thla  and  the  other  papers  presented  at  thla  conference  trill 
provide  a  suitable  reference  source  that  will  help  future  projecta  avoid  some  of  the  pltfalla. 


This  paper  ia  baaed  upon  project  reports  written  by  the  participants,  and  the  author  gratefully 
acknowledges  their  contributions. 

The  views  expressed  are  those  of  the  author  and  do  not  necessarily  represent  the  policy  of  the  Hlnlstry 
of  Defence. 

Copyright  (C)  Controller  HMSO,  London  1988. 


DISCUSSION 


H.I.H.SARAVANAKUTTOO 

You  referred  both  to  the  difficulty  ol  connunication  between  engineers 
and  software  specialists  and  also  to  the  use  of  a  consultant  company 
to  develop  an  expert  system.  We  should  seek  out  experts  from  our  own 
cosmunity  rather  than  those  who  would  develop  expert  systems  without 
a  detailed  knowledge  of  gas  turbine  operation. 

Author's  Reply: 

Between  1981  and  1984,  a  great  deal  of  publicity  was  given  to  expert 
systems  and  we  wanted  to  evaluate  them.  The  major  advantage  1  see  for 
expert  systems  is  that  the  languages  used,  such  as  LISP  and  PROLOGUE, 
piovlde  a  very  powerful  prograoDers  development  tool,  such  that  programs 
are  easily  modified.  This  is  not  permissible  in  a  first  and  second 
line  service  environment. 

Much  of  the  difficulty  between  engineers  and  software  specialists  is 
due  to  the  engineers  failure  to  recognise  the  depth  of  their  own  know*, 
ledge.  Engineers  must  write  good  specifications. 

The  beat  performance  diagnosis  presentation  package  I  have  seen  to 
date  is  the  R-R  COMPASS  System,  which,  three  years  later,  surpasses 
the  AST  603  displays.  We  have  always  considered  information  presenta¬ 
tion  to  be  almost  as  important  as  the  information  itself,  and  this 
was  an  important  aspect  of  the  AST  603  work. 

The  engine  performance  diagnosis  rules  were  supplied  by  R-R  and  encap¬ 
sulated  into  a  custom  expert  system  by  STEWART  HUGHES  Ltd. 
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SIMHARY 

This  paper  describes  the  engine  monitoring  and  management  systems  employed  by  the 
Turkish  Air  Force  for  FllO^GE-lOO  engines  of  F-16  C/D  aircraft.  These  systems  include 
the  Engine  Monitoring  System  (EMS)  and  the  Minimum  Essential  Engine  Tracking  System 
(MEETS).  The  EMS  performs  the  acquisition,  transfer  and  processing  of  engine  data  for 
maintenance  use.  The  system  monitors  engine  operation,  and  determines  engine 
exceedances  and  faults}  isolates  faults  to  appropriate  level  and  processes  data  to 
interface  with  other  data  systems.  The  MEETS  provides  an  automated  means  of  managing 
on-conditlon  maintenance  of  fighter  engines.  This  system  tracks  engines  and  components 
in  terms  of  operation  time,  temperature,  and  cycle  limits,  and  also  forecasts  remaining 
flying  and  engine  operation  hours  for  an  individual  engine,  aircraft,  or  the  whole 
fleet.  The  operation  of  the  systems  and  future  plans  to  develop  and  implement  a  unique 
data  automation  system  are  discussed.  This  automated  data  system  will  be  capable  of 
supporting  all  the  base-level  functions  of  aircraft,  engines,  trainers,  support 
equipment,  test  equipment,  missiles,  munitions  and  communlcatlons/electronics. 

ABBREVIATIONS 


APTC  -  Augmenter  Fan  Temperature  Control 

AMU  Aircraft  Maintenance  Unit 

CANS  -  Core  Automated  Maintenance  System 

DDTU  Data  Display  and  Transfer  Unit 


EMB 

- 

Engine  Management  Branch 

EMS 

- 

Engine  Monitoring  System 

EMSC 

- 

Engine  Monitoring  System 

EMSP 

- 

Engine  Monitoring  System 

PBS 

- 

F-16  Data  System 

GSS 

- 

Ground  Station  Software 

LRU 

- 

Line  Replaceable  Unit 

MEETS 

- 

Minimum  Essential  Engine 

OCH 

- 

On  Condition  Maintenance 

PLT 

- 

Parts  Life  Tracking 

TEST 

- 

Installed  or  uninstalled 

TUAF 

- 

Turkish  Air  Force 

USAF 

- 

United  States  Air  Force 

Computer 

Processor 

Tracking  System 

engine  operation  at  base  test  facility 


INTRODOCTION 

One  of  the  most  effective  ways  to  strengthen  the  readiness  of  an  Air  Force  is  to 
improve  the  flow  and  availability  of  logistics  information  which  in  turn  enhances 
management  and  utilization  of  resources.  The  capabilities  of  deployable  information 
system  should  also  be  provided  for  supporting  maintenance  units  in  the  full  range  of 
operating  environments.  A  large,  dynamic,  on-line  automated  data  system  that  supports 
the  authorities  directly  for  maintenance  activities  would  be  a  valuable  tool  to  manage 
the  weapon  systems  successfully.  Such  an  automated  data  system  in  support  of  base-level 
maintenance  activities  (except  the  supply  system)  did  not  previously  exist  in  the 
Turkish  Air  Force  (TUAF).  With  the  introduction  of  F-16  weapon  systems,  data  automation 
became  one  of  the  most  important  Issues.  To  meet  this  requirement,  a  detailed  research 
effort  was  initiated.  The  most  cost-effective  approach  was  to  gradually  introduce  data 
automation  in  two  stages: 

(a)  Implementation  of  already  existing  basic  engine  condition  monitoring  and  tracking 
systems  for  management  of  FllO-GE-lOO  engines. 

(b)  Development  and  implementation  of  data  automation  systems  not  only  for  engines,  but 
also  for  all  the  maintenance  functions. 

The  basic  systems  to  manage  FllO-GB-100  engines  of  F-16  C  and  D  models  in  TUAF 
Inventory  are:  (a)  Engine  Monitoring  System  (EMS),  which  was  developed  by  General 
Electric  Aircraft  Engines  Company /Cincinnati?  (b)  Minimum  Essential  Engine  Tracking 
System  (MEETS),  developed  by  the  USAP  Logistics  Management  Center/Gunter  Air  Force 
Station. 

The  EMS  was  designed  to  acquire  relevant  engine  and  aircraft  data  during  flight  or 
on  the  ground,  and  to  process  these  data  and  provide  a  concise  output  at  the  flightline 
to  define  recommended  maintenance  actions.  For  the  transfer  of  stored  data  from  the 
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aircraft  to  the  ground  computer  system,  additional  processing  and  output  to  the 
appropriate  user  was  also  required.  Hence,  the  scope  of  the  EHS  was  to  provide  data 
acquisition  and  storage,  and  to  transfer,  process  and  present  these  data  for  maintenance 
usage.  More  specifically  the  system  is  capable  of  incorporating  such  features  as: 


(a) 

(b) 

(c) 

(d) 


Determination  of  engine  limit  exceedances  to  the  appropriate  level; 

Acquisition  of  data  to  support  long  term  engine  performance  trendings  and  tracking 
of  life-limited  engine  components; 

Indication  of  flight  line  go/no-go  conditions  to  reflect  engine  status; 

The  Ground  Support  Software  (GSS)  to  process  the  BNS  data  and  interface  with  other 
data  systems  such  as  the  MEETS. 


The  MEETS  receives  Parts  Life  Tracking  Data  from  the  EMS  and  provides  an  automated 
means  of  managing  on-condition-maintenance  (OCM) .  The  system  allows  the  tracking  of 
engines  and  engine  components  by  time,  temperature  and  cycle  limits  based  on  inputs  from 
the  EMS.  The  MEETS  forecasts  flying  hours  and  engine  operating  hours  remaining  for  ar. 
individual  engine  or  aircraft,  or  for  a  fleet  of  aircraft.  It  also  provides  the 
capability  for  shipping  or  receiving  engines  to  or  from  other  units.  An  automated  data 
download  from  the  system  is  also  available. 


In  parallel  with  implementing  the  EMS  and  the  MEETS  to  the  TUAF  engine  management 
systems,  a  study  of  a  TUAF  unique  automated  data  system,  called  P-16  Data  System  (PBS), 
was  initiated.  TUAF  data  automation  requirements  were  defined  and  the  FBS  was  to  be 
implemented.  The  network  is  to  comprise  the  following  information  systems: 

(a)  Logistics  Management 

(b)  Flight  and  Flying  Personnel  Training 

(c)  Personnel  and  Training  Requirements 

(d)  Headquarters  Level  Management 

Logistics  Management  Information  System,  resident  on  an  IBM  Main  Frame,  is  the 
major  component  of  PBS  and  will  be  similar  to  USAF  developed  Core  Automated  Maintenance 
System  (CAMS),  but  will  have  some  additional  TUAF  unique  features.  The  PBS  is  currently 
under  development  ind  shall  be  capable  of  supporting  all  base-level  aircraft,  engines, 
trainers,  supp-  equipment,  test  equipment,  missiles,  munitions  and 

communications/electronics  functions. 


SYSTMS  MSCRIPTlOa  AMD  OPgRATION 


The  FllO-GE-lOO  engine  has  a  full  authority,  the  Augmenter  Fan  Temperature  Control 
(AFTC),  designed  with  ele<-tclcal  connectors  to  allow  real  time  access  to  the  engine 
parameters  in  analog  form.  The  EMS  configuration  which  Interfaces  with  the  AFTC 
consists  of  three  hardware  components:  an  engine  mounted  EMS  Processor  (EHSP),  an 
airframe  mounted  EMS  Computer  (EMSC)  and  a  flightline  equipment  Data  Display  and 
Transfer  Unit  (OOTU).  The  relative  locations  of  EMS  hardware  is  illustrated  in 
Figure  1.  The  control/non-control  engine  and  aircraft  related  parameters  utilized  by 
the  EMS,  listed  In  Table  1,  are  available  In  analog  form  at  the  AFTC  and  are  routed  to 
the  EMSP  where  they  are  multiplexed  and  digitized  for  subsequent  transmission  to  the 
EMSC.  The  DOTU  provides  the  link  between  the  airborne  equipment  and  the  ground  computer 
system.  The  EMSC  and  EMSP  are  accessed  by  the  DDTU  and  all  the  data  stored  ace 
transferred  to  the  ground  computers.  in  aoditlon  to  temporary  storage  of  the  flight 
data,  the  DDTU  provides  a  display  which  allots  the  maintenance  personnel  to  view,  at  the 
flightline,  the  detected  fault/isolation  messages  determined  by  the  EMSC.  The  single 
entry  point  of  all  data  into  the  ground  computer  system  takes  place  at  the  Aircraft 
Maintenance  Unit  (AMU),  adjacent  to  the  flightline. 

In  general,  four  types  of  data  are  available  from  the  EMS:  Diagnostic,  Parts  Life 
Tracking,  Trending  and  Pilot  Initiated  Data.  These  are  briefly  outlined  and  some 
examples  for  the  outputs  of  the  operation  are  given  below. 

(a)  Diagnostic  Data:  Parametric  data,  composed  of  control  and  non-control  (basic  and 
discrete)  engine  and  aircraft  parameters,  are  saved  as  a  result  of  a  detected  engine 
abnormality.  This  may  be  a  major  limit  exceedance,  or  an  out  of  limit  control  schedule 
of  a  secondary  system.  In  addition  to  detection  of  exceedances,  the  system  incorporates 
isolation  logic,  present  within  the  EMSC,  aimed  at  identifying  the  Line  Replaceable  Unit 
(LRU)  of  the  engine  causing  the  exceedance.  An  overview  of  the  EMSC  engine  diagnostic 
logic  and  the  EMS  messages  for  fault  isolation/LRU  identification  are  shown  in  Figure  2 
and  Table  2,  respectively.  The  parameters  given  in  Table  2  are  continuously  monitored 
by  the  system  during  engine  operation.  If  a  signal  fails  to  pass  range  check  and/or 
loss  of  a  discrete  signal,  a  fault  will  be  recorded  and  identified  in  the  EMSC  and 
will  be  displayed  when  the  system  is  downloaded.  Twelve  pre-event  data  records  (6 
seconds)  and  up  to  18  post-event  data  records  (9  seconds)  can  be  saved  by  the  EMSC.  The 
amount  of  diagnostic  data  saved  is  dependent  upon  the  type  of  exceedance  or  fault,  as 
shown  in  Table  3. 

In  case  of  an  exceedance  or  fault,  the  utilization  of  the  EMS  elements  and  Fault 
Isolation/Trouble  Shooting  Data  is  described  in  Table  4  and  below: 
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1.  On  tho  Plight  Line: 

a)  Once  the  BMSC  detects  the  tault»  Reaote  Statue  Panel  Indicates  NOGO  and  the 
data  are  imaediately  downloaded  to  the  DDTU. 

b)  The  DDTU  displays  the  EMS  message  giving  the  fault  code  and  Line 
Replaceable  Unit  identification  for  isolation.  Prom  this  nessagSf  the 
ground  crew  should  have  an  idea  about  the  probable  cause. 

c)  With  the  information  available^  the  fault  could  be  isolated  without  any 
delay.  If  further  information  or  action  is  required,  the  data  have  to  be 
transferred  and  corrective  action  has  to  be  determined  using  the  ground 
computer  system. 

2.  On  the  Ground  Station  Computert 

a>  The  fault  message  is  printed  out  again  as  a  warning  when  the  data  are 
processed. 

b)  The  data  records  saved  by  the  EMSC  for  that  fault  are  displayed/printed  for 
troubleshooting • 

c)  Referring  to  the  maintenance  manuals,  detailed  analysis  could  be  made  and 
the  necessary  action  could  be  determined. 

(b)  Parts  Life  Tracking  (PLT)  Datat  The  BMSP  computes  and  stores  the  PLT  data  on  a 
cumulative  basis.  These  data  are  then  used  by  the  ground  computer  systems  to  track  life 
limited  engine  components.  Besides  the  BMSP,  a  copy  of  the  data  is  stored  in  the  BMSC 
to  allow  single  download  interface  for  all  the  data  when  the  engine  is  installed.  Tt.e 
MEETS  utilizes  the  PLT  data  to  allow  predictions  for  maintenance  planning  and  spares 
provisioning.  PLT  is  a  method  of  accounting  for  engine  usage  and  parts'  life.  The  data 
consist  of  engine  operating  times  and  cycles,  such  as  duration  time  above  T4B  limit  (5 
levels).  Engine  Operating  Time,  Augmenter  Operating  Time,  Augmenter  On/Off  Cycles,  Low 
Cycle  Fatigue  Counts,  Full  Thermal  Cycles,  and  Cruise-Intermediate-Cruise  Cycles.  An 
example  of  PLT  data  output  from  the  EMS  is  given  in  Table  5. 

(c)  Trend  Datai  The  EMSC  automatically  acquires  and  stores  four  data  records  (2 

seconds)  per  flight  during  the  take-off  sequence  at  approximately  0.3  Mach.  The 

information  is  presented  in  four  separate  scans  of  basic,  control,  discrete  engine  (see 
Table  4)  and  aircraft  parameters.  The  data  are  used  for  trending  and  performance 
checks.  Eighteen  engine  parameters,  6  aircraft  parameters  and  5  system  discretes  are 
available  but  for  the  time  being,  plots  of  only  7  engine  parameters  are  generated. 
These  7  parameters  are  HP  Turbine  Blade  Temperature,  Fuel  Plow,  Exhaust  Nozzle  Area, 

Core  Speed,  Compressor  Discharge  Pressure,  Pan  Speed,  and  Lube  Tank  Quantity.  An 

example  of  trending  plots  for  an  engine  is  given  in  Figure  3. 

(d)  Pilot  Initiated  Datat  In  addition  to  the  BMS  automatically  saving  data  as  a 
result  o^f  an  abnormality,  the  capability  exists  for  the  pilot  to  request  a  data  save. 
The  same  function  can  be  used  if  test  procedures  on  the  ground  require  the  use  of  engine 
parametric  data.  When  a  switch  in  the  coc)cpit  is  activated,  12  pre-event  data  (6 
seconds)  and  4  post  event  data  (2  seconds)  scans  are  saved. 


The  F-16  is  equipped  with  a  data  transfer  system  which  allows  the  aircraft  on-board 
computer  systems  to  centralize  systems'  faults  in  a  common  data  transfer  cartridge 
(memory  module).  The  data  transfer  cartridge  can  be  taken  to  a  loader-reader  unit  and 
che  information  can  be  downloaded  for  maintenance  use  as  necessary.  The  Engine 
Monitoring  System  has  the  ability  to  coimaunicate  with  this  system  through  the  multiplex 
bus.  Selected  critical  engine  faults  are  made  available  for  the  pilot  viewing  on 
multifunction  display  scopes.  The  Enhance  Fire  Control  Computer  (EFCC)  commands  the 
EMSC  to  transmit  detected  faults  through  the  mux  bus  to  the  EPCC.  When  the  faults  are 
received,  the  EFCC  assigns  a  code  to  the  multifunction  display  system  (NFDS)  and  stores 
the  faults  in  their  respective  memory.  Faults  stored  in  the  MFDS  can  be  viewed  at  any 
time  by  calling  up  the  test  page.  If  the  fault  is  identified  as  a  pilot  fault  list  item 
by  the  EFCC,  then  a  command  is  issued  to  the  up  front  controls  (UFC)  to  Illuminate  the 
avionics  light  on  the  caution  panel,  which  in  turn  illuminates  the  master  caution  light. 
When  the  pilot  depresses  the  F-ACK  (fault  acknowledge)  button  on  the  integrated  central 
panel,  the  fault  is  displayed  on  the  data  entry  display. 

Zenith  Z-248  microcomputers  are  used  at  the  TUAF  for  the  ground  station  function  of 
the  EMS.  The  single  entry  point  of  all  data  into  ground  computer  system  takes  place  at 
the  Aircraft  Maintenance  Unit  (AMU).  The  TEST  function,  which  is  defined  as  Installed 
or  uninstalled  engine  operation,  which  must  be  performed  "^t  the  base  engine  test 
facility,  is  similar  to  the  AMU.  At  the  AMU,  which  is  adjacent  to  the  flightline,  the 
data  are  formatted  and  processed.  The  exceedance,  fault  and  pilot  initiated  data  are 
presented.  The  trend  and  parts  life  tracking  data  are  subsequently  transferred  to  the 
base-level  Engine  Management  Branch  (EMB)  of  the  maintenance  organization.  The  BMB  is 
the  focal  point  for  data  from  both  AMU's  and  base  testing  facility  (TEST).  At  the  EMB, 
the  trend  data  are  processed  and  displayed  graphically,  and  the  PLT  data  are  formatted 
for  transfer  to  the  MEETS.  An  overview  of  all  the  EMS  functions  is  illustrated  in 
Figure  4.  The  functions  of  each  unit  involved,  the  AMU,  TEST  and  EMB  are  summarized  in 
Table  6. 
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The  software  package  for  Z-248  to  process  and  format  the  CMS  data  and  present  it  to 
the  appropriate  users  was  developed  by  General  Electric,  and  is  called  the  Ground 
Station  Software  (GSS)»  The  GSS  is  a  menu-drlven  computer  system.  There  are  three 
menus  containing  all  of  the  available  GSS  procedures,  and  each  procedure  is  executed  by 
a  single  key  stroke. 

MEETS  receives  the  data  from  the  CMS  via  an  output  file  of  the  GSS  and  provides  an 
automated  means  of  managing  on-condition'iBaintenance  (OCN)  functions  of  FllO-GE-100 
engines.  At  the  EMB,  the  parts  life  tracking  data  are  transferred  from  the  GSS  to  the 
MEETS  which  is  loaded  on  the  same  micro  coacHjter  Z-248  at  the  CNB.  The  MEETS  is  also  a 
menu  driven  computer  system,  the  Master  Menu  being  composed  of  12  basic  menu  options. 
The  main  functions  of  the  MEETS  are  described  below: 

a)  "Engine  Tracking*  provides  the  capability  of  updating  engine  and  component 
records  by  inputting  the  EMS  data,  printing  various  management  products,  and 
forecasting  engine  components  closest  to  their  life  limits.  The  parts  life 
tracking  information  from  the  EMS  is  input  via  an  electronic  data  transfer, 
but  a  manual  update  is  also  available.  Printed  copies  of  stored  data  can  be 
obtained  in  various  formats.  The  status  of  all  tracked  components  on  any 
engine  in  the  database  or  items  closest  to  their  limits,  by  each  tracking 
method  can  also  be  listed.  An  example  is  given  in  Table  7.  A  listing  of  all 
engines,  spare  parts,  and  all  installed  parts  or  the  complete  database  can 
also  be  generated.  The  forecasting  option  provides  a  clear  picture  of  the 
items  on  any  engine  or  aircraft  that  are  closest  to  scheduled  removal  or 
inspection,  along  with  the  projected  flying  hours  remaining  for  each  engine. 
An  example  la  given  in  Table  8.  A  listing  of  warranted  parts  can  also  be 
provided. 

b)  "Database  Updating*  functionally  enables  adding  new  engines  and  components  to 
the  database,  correcting  errors  or  changing  the  database,  removing  and 
installing  components  or  engines,  and  deleting  aircraft  or  engines  from  the 
database . 

c)  "Work  Unit  Code  File  Maintenance"  provides  for  the  addition,  deletion,  change 
and  deployment  or  listing  of  Work  Unit  Code  files  -  i.e.  the  tracked  items. 

d)  "Engine  Shipment/Receipt"  function  provides  the  capability  for  documenting  the 
configuration/status  of  the  engines  to  be  shipped,  and  initializing  MEETS  data 
base  for  engines  to  be  received. 

PUTURB  PLANS  -  DATA  AUTOMATION  SYSTEM 

The  essential  systems,  the  CMS  and  the  MEETS,  for  managing  on-condition  maintenance 
of  F-llO-GE-100  engines,  have  been  Implemented  at  TUAF.  The  next  step  is  to  proceed 
with  developing  and  implementing  the  data  automation  system,  the  FBS.  Several 
alternatives  were  evaluated  under  the  following  criteria:  TUAF  requirements,  current 
technology,  the  existing  NATO  countries*  Air  Force  systems,  systems  proposed  by  the 
vendors,  TUAF  Interoperability-systems  integration  requirements  and  supportability  in 
Turkey.  The  decision  was  to  proceed  with  a  unique  data  system  -  FBS,  comprising  of  not 
only  Logistics  Management  Information  System  similar  to  USAF  developed  CAMS,  but  also 
Flight  and  Flying  Personnel  Information  System,  Personnel  and  Training  Requirements  and 
High  Level  Headquarters  Management  Information  Systems. 

The  FBS  scope  is  defined  to  have  the  capability  to  support: 

(a)  The  Bases 

(b)  The  Tactical  Air  Commands 

(c)  The  Air  Training  Comnand 

(d)  The  Headquarters. 

The  functions  and  the  features  of  the  FBS  are  given  in  Table  9.  Comprehensive  Engine 
Management  System  is  one  of  the  subsystems  of  the  FBS  and  will  be  integrated  into  the 
existing  engine  monitoring  and  tracking  systems. 

TUAF,  USAF  and  IBM  will  participate  in  developing  the  FBS.  Application  software 
development/conversion  is  to  be  contracted  to  IBM.  The  responsibilities  of  each  party 
are  as  follows: 

(a)  TUAF:  to  establish  the  requirements,  provide  functional  expertise,  participate  in 
system  development,  and  acquire  necessary  skills  to  maintain  the  FBS. 

(b)  USAF:  to  manage  the  FBS  as  a  TUAF  agent,  provide  CAMS  functional  expertise  and 

advisory  assistance. 

(c)  IBM:  to  provide  the  system,  programming  and  database  expertise,  training  for  the 
TUAF  and  the  USAF,  development  of  the  system,  production  of  the  system  and  to 
assist  in  Its  implementation. 

The  FBS  configuration  is  summarized  at  Table  10.  FBS  is  based  on  the  IBM  3090-200 
Computer  and  Database  Management  System  DB2,  versus  Sperry  UllOO  series  computers  and 
Data  Management  System  DHS-1100,  used  by  the  USAF  developed  CAMS. 
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The  PBS  will  be  Integrated  with  the  Requirements  and  Distribution  System-Supply 
System  (IBM  4381,  MVS/XA,  IMS)  and  Factory  Management  Improvement  Systems  (IBM  4381, 
VM,  AS). 

COHCLODIMG  REHAfUCS 

The  BMS  and  MEETS  are  simple,  effective  systems,  the  output  products  of  which  are 
very  supportive  of  all  levels  of  the  engine  maintenance  effort.  The  systems  have  become 
a  fully  integrated  part  of  the  FllO-GC-100  engine  management  system  at  the  TU^P. 


It  has  been  observed  that  the  diagnostic  parametric  data,  trending  data  and  parts 
life  tracking  data  are  valuable  tools  for  the  mechanics,  technicians  and  managers  in 
increasing  the  readiness,  and  flight  safety  of  F-16  C/D  aircraft. 

The  essential  FllO-GE-lOO  engine  control  and  cockpit  Instrumentation  was  already  in 
existence  and  the  basic  configuration  of  the  engine  electronic  control  AFTC  was  also 
defined  at  the  commencement  of  the  CMS  design  phase.  The  AFTC  was  normally  utilized 
during  engine  development  testing  at  the  factory  to  provide  a  test  monitoring  capability 
and  to  assist  in  trouble-shooting  faults.  This  feature  provided  a  "ready  made*  primary 
Interface  for  the  CMS,  and  no  additional  sensors  were  therefore  added  for  CMS  purposes. 
To  commence  the  design  of  such  monitoring  systems  at  the  early  stages  of  engine  design 
might  increase  the  cost  effectiveness  and  trouble-free  features  of  the  on-condition 
maintenance  systems,  and  ultimately  the  readiness  of  the  weapon  systems. 

Operational  experience  has  shown  that  the  usefulness  of  diagnostic  parametric  data 
highly  depends  on  the  experience  accumulated  worldwide.  The  engine  manufacturer's 
extensive  study  and  implementation  of  all  the  feedback  information  from  users  would 
contribute  to  a  great  extent  to  the  success  and  realization  of  the  engine  monitoring 
system's  full  objectives.  Furthermore,  if  the  operational  experiences  of  the  users  are 
not  utilized,  only  a  limited  portion  of  the  monitoring  system's  capability  could  be 
rendered  useful. 

Operational  experience  has  also  shown  that  to  date,  the  maximum  use  of  trend  data 
has  been  limited  due  to  the  lack  of  suitable  analysis  techniques  at  the  base-level. 
Only  when  the  engine  technicians  become  fully  conversant  with  demonstrated,  reliable 
trending  techniques,  could  full  use  be  made  of  the  wealth  of  data  being  compiled  by  the 
engine  fleet. 

It  la  believed  that  weapon  systems  and  operational  resources  readiness,  which  is  a 
function  of  both  operational  availability  and  sustainability,  is  the  key  to  effective¬ 
ness.  Hence  the  FBS  is  designed  to  document,  measure  and  improve  a  fielded  weapon 
system's  readiness.  The  system  is  expected  to  enhance  management  functions  at  all 
levels. 
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TABLB  It  PABAMBTBBS  OTILItBD  BY  BHS 


(A)  Engine  Related  par— eters 
Paraaeter 

HP  Turbine  Blade  Temperature 
Engine  Power  Lever  Angle 
Fan  Inlet  Temperature 
Fan  Inlet  Guide  Vane  Position 
Compressor  Discharge  Pressure 
Main  Fuel  Valve  Position 
Main  Torque  Motor  Current 
Pan  IGV  Torque  Motor  Current 
Lube  Tank  Quantity 
Pan  Speed 
Core  Speed 

Aircraft  Power  Lever  Angle 

Exhaust  Hossle  Area 

Fan  Duct  Pressure  Ratio 

Fan  Duct  Pressure  Differential  Delta 

Augmentor  Fuel  Valve  Position 

Augmentor  Fuel  Valve  Torque  Motor  Current 

Exhaust  Nozzle  Torque  Motor  Current 

Antl-tclng  Valve  Position 

Lube  Temperature 

Augmentor  Flame  Detector  Signal 

Augmentor  initiation  Signal 


(B>  Aircraft  Related  Parameters 


Sv^ol 

Parameter 

Symbol 

T4B 

Aircraft  Mach  Number 

MN 

EPLA 

Angle  of  Attack 

AOA 

T2 

Normal  Acceleracion 

NA 

IGV 

Total  Engine  Fuel  Flow 

TFF 

PS  3 

Altitude 

ALT 

MVPOS 

Gear  up 

GUL 

MTM 

IGVTM 

OL 

NF 

NG 

APLA 

AS 

DPP 

DP 

AUGPOS 

WPRTM 

A8TM 

A/1 

TL 

PDS 

AIS 


TABLB  EWGIH8  WOWITORIWG  SYSTBH  HBSSAGBS 
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TABLE  3s  AMOONT  OP  DATA  SAVED  BT  AIRBORNE  COHPOTBR 

TYPE  OP  DATA  DATA  RECORDS 


I  12  Pre  I  4  Post  |  18  Post  1  Total 


DIAGNOSTICS 

— 1— 

1 

— h- 
1 

— h- 
1 

— \ - 

1 

*  Overtemp,  Overspeed 

1 

X 

1 

1 

X 

1  30 

Scans 

*  Flame-Out,  Power  Loss,  Stall 

1 

X 

1 

X 

1 

1  16 

Scans 

*  All  Other  Faults 

1 

1 

X 

1 

(  4 

Scans 

*  Pilot  Requests 

1 

X 

1 

X 

1 

1  16 

Scans 

TRENDS 

1 

X 

1 

1  < 

Scans 

TABLE  43  AN  EXANPLS  OP  PAULT  ISOLATION  AND  TROUBLESHOOTING  DATA  UTILItATlON 


(1)  On  the  Plight  Lines 

a)  Remote  Status  Panel  ~  NO  GO  INDICATION 

b)  DDTU  Fault/LRU  Message  -  66  SIG*EPLA/APTC 

BMS  MBSSAGE  DESCRIPTION  The  engine  power  lever  angle  signal  is  detected  out  ot 
range  at  the  AFTC/EMSP  interface. 

Probable  cause  is  engine  power  lever  angle  sensor  with 
APTC  as  alternate. 


f 


<2)  On  the  Ground  Station  CoNputert 


a)  Print  Faalt/LRU  Message: 
EMSC  SN  OOB00424 


DOWN  LOADED  05/09/1988  19:30:14 


AIRCRAFT  TAIL  NUMBER  ..  86*0071 


AIRCRAFT  TYPE  . F-16 

ENGINE  S/N  .  509264 


THIS  IX)WN  LOAD  CONTAINS  THE  FOLLOWING  FAULT  MESSAGES 
1-66  SIG*EPLA/AFTC 


b)  Display  Print  Data  Records  for  Troubleshooting 

(4  scans  for  this  message.  1st  scan  is  given  below  as  an  example.) 


08/10/1988 

10:30: 11 

EHG  S/K 

AC  TAIL  # 

DATE  05/09/1988 

TIME  18:00:26 

FAULT  1-66 

SIG*EPLA/AFTC 

SCAN  1 

ENGINE  PARAMETERS 

AIRCRAFT 

I  BASIC 

:  CONTROL 

DISCRETES  : 

PARAMETERS 

APLA. . 

133. S 

DEG 

MVPOS. 

7648 

PPH 

TL. . . . 

OK 

ACMH. . 

«•««»» 

UNIT 

EPLA. . 

132.4 

DEG 

AUGPOS 

16.8 

R/U 

MNAFTC 

.09 

UK  IT 

NF. .  .  . 

98.6 

% 

wrM. . . 

17.0 

mA 

A/I.. . 

OFF 

NO.  .  .  . 

99. 1 

X 

IGVTM, 

-20.7 

mA 

AID. . . 

HO 

AOA . . . 

13.6 

DEG 

T2.  .  .  . 

816.9 

DEGR 

A8TM. . 

18.9 

mA 

ALT. . . 

2720 

FEET 

T4B.  .  . 

1316 

DBGF 

WFRTM. 

25.5 

mA 

AIS. . . 

OH 

KA. . . . 

.  9 

G 

IGV. . . 

14.7 

DEG 

DPP. . . 

.209 

R/U 

FDS. . . 

OH 

AS ...  . 

810 

SQIK 

DP ... . 

5.9 

PSID 

E2ev. . 

OK 

GUL . . . 

GRHD 

PS3C. . 

280.6 

PSIA 

AFTPWR 

-14.9 

V  DC 

NFXFER 

HO 

QL .  .  .  . 

2.13 

GAL 

SBCNF. 

98.4 

X 

TFF . . . 

13422 

PPH 

CDPCBP 

12.8 

PSID 

SBCTM. 

.0 

mA 

TREND. 

HO 

SNFLIM 

100.2 

% 

WARDAT 

HO 

TABLB  $s  AH  EXAMPLE  OP  PARTS  LtPB  TRACEIHG  DATA  STORED 


ENGIKX  S/N  AC  TAIL  •  DATE  08/09/1988  TIME 

EMSP  S/M  961 

BMSP  CYCLE  COUHTER  DATA 


HOURS 

COURTS 

T4B  >  1600  DBG  F 

.933 

16 

T46  >  1630  DBG  F 

.  100 

6 

T4B  >  1660  DBG  F 

.000 

0 

T4B  >  1689  DBG  F 

.000 

0 

T4B  >  1708  DBG  F 

.000 

0 

SKGIKX  ROM  rZMB 

142.000 

1420 

AUG  RUM  TIME 

1.880 

111 

CYCLES 

COUMTS 

LCF  COUMTBR 

88 

88 

FTC  COUMTBR 

830 

830 

CIC  COUMTBR 

612 

612 

AUG  COUMTBR 

181 

181 

TABLB  6:  SUMMARY  OP  PUMCTIONS  OP  BACH  UNIT  INVOLVED  IN  BNS 

(1)  AMU  (Plight  Line)  Punctlons 
«  Accept  DDTU  data 

«  Convert  fault  aasociated  data  to  engineering  units 

«  Display /print  fault  code/nessage  and  associated  engine  data 

.  Transmit  trend  data,  maintenance  events  and  actions, 
and  parts  life  tracking  Information  to  the  EMB 

.  Accept  maintenance  action  input 

•  Maintain  a  maintenance  event  history  file 

.  Transmit  and  accept  maintenance  event  history  records 

(2)  TEST  Functions 

(Installed  or  uninstalled  engine  operation  at 
base  engine  test  facility) 

.  All  AMU  functions 

>  plus  using  the  operator  (pilot)  initiated  data  to  perform 
preliminary  data  analysis 

-  but  TEST  does  not  maintain/transmit  and  accept  event 
history  file/records. 

(3)  EMB  Functions 

•  Accept  and  store  AMU  and  TEST  data 

•  Provide  access  to  engine  level  life  usage  data 
.  Provide  trend  plots 

.  Accept  maintenance  information  from  intermediate  shop 

•  Maintain  an  engine  history  file 

.  Provide  maintenance  history  as  required 

•  Transmit  and  accept  engine  history  records 
.  Transmit  parts  life  tracking  data  to  MEETS 
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TkBLB  7t  Ml  BXMtPU  POR  STkiaS  OP  TRACKBO  COMPQHBICTS  MID  ITBH  CLOSEST  TO  ITS  LIMITS 


PUrUD:  10  ItT  08  Ufim  ISSmiiL  DBin  TUaiK  SISTEH 

mm  I:  URCUfT  i:  DITI:  00071  dUffiOT  RUCIKS 


m  mm  i  pert  t 

EOT 

El 

CTCLIS 

El 

SOURS 

ILC 

ETT 

PLT 

TIME 

TEC 

SCI 

lISP 

EOT 

27IM;  t  OOI«iP2Il  1270IB0P01 

IIO.S 

213 

4.3 

107.0 

09.0 

201.3 

107.0 

no 

****  raj/HflK  ITBE  eiOSIST  TO  LIMITS  t*H 
WnD;  lOT  mC:  2791  RMDi  OR  C8ITII0L 

■mO:  IISP  «0C;  276U  nUl!  MOtl  rOD.  TW  (WPI 

IRTtiOD:  ILCF  MC;  ITCU  1010:  OR  BliO!  W  OUinR 

■nOO:  SUP  MK;  27SDI  KMI:  PU  Sin  STS  1 

■TBOt:  TIC  MC:  27FBM  1010:  BliRIK  12 

lETBOt:  ITT  WC:  27CLS  lOlO:  BPT  BliO!  SIT 


TABLE  8:  AN  EXAMPLE  OP  COMPONENT  LIPS  PREDICTION 


90110  niiiin  isscrriiL  ofsiii  triciiis  ststim 


ime  CLOSEST  to  limits  or  EKIR  I  URCRiPT  I 


REIT 

TIR 

SIRIEL  «  PERT  i 

EOT 

DDE 

REMEIR 

0010)12207  7117M10S03 

110.3 

2000.0 

1089.3 

IDC;  276PL 

HW:  EFT  CORTROL 

RIXT 

Tin 

SERIEL  «  PERT  • 

LCF  FTC 

CIC 

TEC 

DDE 

REMEIR 

OOFEnOOOl  9732M22P07 

107  379 

389 

201.3 

2000.0 

1738.3 

HOC;  27PBM  ROU:  BEUIK  *2 


SIRIEL  t 

PERI  1 

T1600  T1830  TIOOO 

T1SB3 

T1705 

RT 

00V0U3284  9S30M93P13 

0.4 

0.1 

I-FECTORS 

im 

TIB 

3  4  3  8 

7 

DUI 

BMEII 

2.000  1.230  0.730  0.378  0.179 

342.0 

341.9 

nc:  27C16 

mil:  IPT  HEM  SR 

I  FECTORS 

BR 

TIB 

SIRIEL  i 

PERT  t 

1  2 

ILC 

DUI 

RnUR 

OOCET221I4  H28HB8P04 

0.003 

109.9 

1381 

1471.1 

RW:  27CIC 

ROHM:  RPT  BLEK  F«  RREim 

I  FECTORS 

BR 

TIB 

SIRIEL  1 

PERT  1 

8  9 

SCI 

DUE 

REMEIR 

OOFRREOOiO  USmiPOl 

0.290  0.023 

201.3 

2000 

1738.3 

MK;  27BH 

ROHR:  FU  DISI  STS  1 

i 
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TABLE  9 1  POMCTXONS  AffD  PBATURBS  OP  THE  PBS 

THE  PBS  IS  A  SYSTEM  TO  ACCOHPLISHi 

A.  MAINTENANCE  DATA  COLLECTION 

8.  MAINTENANCE  MANAGEMENT  INPORMATION  AND  CONTROL 

1.  Planning/Scheduling  and  Controlling  Nalntanance 

2.  Configuration  Status  Accounting 

3.  Comprahensive  Cngina  Management 

4.  Serialized  Parts  (LRU/SRU/Engines)  Tracking 

5.  Tracking  Weapon  System  Utilization  and  Readiness  (MICAP)  status 

6.  Time  Compliance  Technical  Order  (TCTO)  Management 

7.  History  and  Resource  Consumption  Recording 

8.  Trend  Analysia/Porecasting 

C.  PLIGHT  AND  PLVING  PERSONNEL  TRAINING  NANAGEHENT 

1.  Requirements  Computation 

2.  Automated  Plight  Scheduling 

3.  Plying  Personnel  Records 

4.  Data  Analysis  and  Management  Reports 

5.  Activities  Tracking 

O.  CENTRALIZED  MANAGEMENT  INFORMATION  SYSTEM  OPERATIONS/DECISIONS/ADMINISTRATION 
e,  CENTRALIZED  OATA  BASE 

P.  SECURE  NETWORK  COMMUNICATIONS 

G.  CENTRALIZED  PROJECT  CONTROL  AND  MANAGEMENT 


TABLE  10s  PBS  CONFIGURATION 


HARPNARB  CONFIGURATIONS 


1.  IBM  3090-200 

2.  IBM  PS/2'8 

3.  IBM  Peripherals 

4«  3270  Terminals  and  Printers 

5.  3745  CofMunication  Controllers 

6.  3174  Cluster  Controllers/Modems 

SOPTNARB  CONFIGURATIONS 

1 .  MVS/ESA 

2.  VTAH 

3.  DB2 

4.  cics/tavs 

5.  COBOL 

€•  Application  System  (AS) 


IMl 


F110  Engine  Monitoring  System 


Ramott  Status  Poml 
a  Download  Connector 
-  GO/NOGO  Indication 


r:^ i 
>"11^^ - 


u 

EMSP 

Data  Display 
a  Transfer  Unit 


O''- . — 

Ground  Computer  System  [ 


AFTC 


EMSC 


•  Full  Author!^  Control  •  Ertpine  Diognostics 

•  Allows  Real  Time  Access  •  Data  Storage 

•  30  Engine  -t-  3  a/c  Parameters  QQjy 


EMSP 

•  A->0  Conversion 

•  PLT  Data  Computation 


•  Portable.  Battery  Powered 

•  Data  Storage 

•  Data  Display 


FIGUM  1>  RBLATIVB  lACATlONS  OP  eNGIMB  IKMITORIHG  SYSTBM  HASDMKRB 
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PIOURI  2 1  AIRBOSm  OOHFOTU  MGIHI  DIMMOSTIC  LOGIC 


Airborne  System 


•  Part*  Llf«  TrtKKInQ  Data 

•  Tr«nd  Data 
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•  Poult  Ostsetion  Data 
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AMU 
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•  Mointenonce  Actions* 

OisK 
Pile 


Test  GOTO  EMB 
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•  Poult  Oetection  Ooto 

•  Mointenonce  Actlone* 


Pile 


•  Trend  Goto 
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ENGlhE  COI^^rilON  MONITORING  -  STATE-OF-THE-ART  CIVIL  APPLICATION 


Heinrich  Schlueter 

Section  Manager,  Maintenance  Systems  &  Reliability 
Rolf  S<^oeddert 

System  Engineer,  Engineering  Department  Propulsion  Systems 

Deutsche  Lufthansa  AG 
Weg  beim  Jaeger  193 
2000  Hamburg  63,  Germany 


Summary 

With  the  introduction  of  the  AIRBUS  A310  in  1983,  an  enhanced  ECM  concept  was 
established  at  Lufthansa.  Highlights  of  the  theme  include  application  areas  and  the 
economic  aspects  of  everyday  airline  operation. 

The  ECM  information  system  supports  maintenance  personnel  in  detecting  incipient 
engine  failures,  in  carrying-out  optimum  adjustment  of  engine  controls,  and  in  cutting  down 
the  number  of  engine  run-ups.  It  also  assists  overhaul  personnel  in  removal  planning  and 
overhaul  planning.  All  data  are  acquired  by  an  aircraft  integrated  data  system  through 
expanded  engine  instrumentation  and  are  periodically  reported  through  an  on-board  printer. 
Data  printouts  are  entered  into  the  Lufthansa  computer  network  from  each  flight 
destination  station.  For  a  high  degree  of  actuality  data  are  processed  on-line  in  the  central 
computer  at  the  Frankfurt  maintenance  base.  In  addition  to  engine  modular  performance 
and  mechanical  parameter  analysts,  data  processing  also  performs  automatic  trend 
recognition  and  alert  report  generation. 


1.  Gloesary 


ACM 

Aircraft  Condition  Monitoring 

ACMS 

Aircraft  Condition  Monitoring  System 

APU 

Auxiliary  Power  Unit 

ECM 

Engine  (Condition  Monitoring 

EGT 

Exhaust  Gas  Temperature 

EROPS 

Extended  Range  Operations 

FAA 

Federal  Aviation  Administration 

FADEC 

Full  Authority  Digital  Engine  Control 

GE 

General  Electric  Company 

GEM 

GE  Ground  based  Engine  Monitoring  Software 

LH 

Lufthansa 

MEC 

Main  Engine  Control 

OCR 

Optical  Character  Recognition 

PMUX 

Propulsion  Data  Multiplexer 

SLOATL 

Outside  Air  Temperature  Limit  at  Sea  Level 

SOAP 

Spectrometric  Oil  Analysis  Program 

V0V 

Variable  Bleed  Valve 

VSV 

Variable  Stator  Vane 

2.  Introduction 

As  an  early  failure  detection  tool  Engine  Condition  Monitoring  has  been  an  integral  part  of  Lufthansa’s  "On  Condition" 
maintenance  concept  since  the  early  1970'8  and  has  been  paying  an  essential  contribution  towards  enhancing  dispatch 
reliability  and  safety. 

At  the  beginning  of  the  1980*8,  the  development  of  irr^rovad  engine  diagnosis  procedures  and  the  increasing  availability 
of  digital  electronics  in  the  aircraft  lead  to  Lufthwisa's  decision  to  introduce  a  new  and  more  comprehensive  engine 
condition  monitoring  concept  along  with  the  advent  of  the  AIRBUS  A310. 

The  advanced  system  is  aimed  at  achieving,  in  addition  to  the  reduction  of  operational  irregularities,  a  minimization  of 
the  engine's  total  operating  cost  (fuel,  material,  maintenance).  Also,  reduction  of  ground  operation  for  lower  emission 
has  ever  increasingly  gained  in  significance  in  the  past  years. 

This  paper  reviews  the  application  and  economical  aspects  of  this  concept  based  on  5  years  of  operational  experience 
with  the  combined  A310/A300-600  fleet. 


A  modern  ECM  system  is  intended  to  atlow  comprehensive  assessment  of  each  aircraft  engine's  condition  through 


diagnosis  of  its  gas  path  performance  down  to  the  level  of  each  individual  module; 

-  diagnosis  of  its  mechanical  condition  in  regard  to  vibration  and  lubrication  system  parameters. 

The  objectives  in  detail  are: 

verification  of  engine  health; 
detection  of  incipient  engine  problems; 

optimum  adjustment  of  engine  controls  (fuel,  speed  margin,  stability); 
avoidance  of  engine  run-ups; 

-  assistance  in  engine  removal  planning; 

-  optimization  of  the  engine's  overhaul  workscope. 

Aimed  at  efficient  and  cost  effective  application  of  ECM  major  emphasis  was  put  on  the  establishment  of  an 
information  system,  which  is  characterized  by  the  following  conceptual  highlights: 

expanded  engine  instrumentation  and  propulsion  data  multiplexer  (PMUX); 

-  automatic  on-board  data  acquisition  system; 

integration  of  all  engine  condition  relevant  information  from  operations,  maintenance,  work  shop,  and  test  cell; 
central  organisation/analysis; 

-  high  degree  of  actuality; 

high  degree  of  user  friendliness,  versatility  and  expandibillty. 

4.  Svatm  Deacription  (Fig.  1) 

The  Lufthansa  A310'a  and  A300-d00'8  are  equipped  with  an  expanded  aircraft  integrated  data  system  which  generates 
reports  for  later  on  ground  analysis.  Included  in  this  system  is  an  airborne  printer  which  serves  as  the  prime  data  output 
device.  The  layout  of  the  print  reports  meets  OCR  standards  (Optical  Character  Recognition)  and  by  this  permits 
automated  reading. 


Data  Precstsing/Rscording 


LK  A310/A300-600 
ENGINE  CONDITION  NONITORING  SYSTEM 


)0CR=(^Hcql  ChorodsT  RacognlHon 
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Since  data  link  is  currently  not  available  at  Lufthansa  tftis  inevitably  leads  to  a  time  lag  between  data  recording  and 
central  analysis.  For  a  high  degree  of  actuality*  however*  a  fast  data  transmittal  medium  is  required.  An  extended  on¬ 
board  diagnosis  capability  is  not  considered  a  rewarding  goal. 

The  contents  of  the  reports  generated  during  flight  are  entered  into  Lufthansa*  ground-based  computer  network  from  all 
flight  destination  stations.  After  line  station  pMaonnel  have  submitted  the  data  by  means  of  ha^  held  video  scanners 
those  are  transmitted  to  the  central  computer  at  the  Frankfurt  maintenance  base  where  extended  analysis  is  performed 
on-line  by  the  General  Electric  ECM  software  **G£M**  (Ground  based  Engine  Monitoring)  which  was  specified  in  a 
combined  GE/alrllnes  effect. 

All  input  data  and  results  are  stored  in  a  data  base  for  trending  purposes  thus  making  complete  ECM  histories  available. 
Upon  analysis  all  results  are  automatically  checked  for  findings  and*  if  significant*  are  output  to  the  maintenance 
engineers  in  the  form  of  an  alert  message.  This  concept  releases  the  maintenance  personnel  from  the  previous  need  to 
inspect  ail  engine  data  and  thus  assists  in  concentrating  on  problem  cases.  For  in-depth  data  analysis  engine  history 
output  Is  provided  on  request  via  computer  terminals. 

In  case  an  engine  removal  is  due  the  overhaul  engineers  make  use  of  engine  history  information  for  definition  of  the 
optimum  shop  work  scope. 

Upon  test  cell  acceptance  which  the  engine  has  to  pass  after  overhaul  PMUX  as  well  as  test  cell  instrumentation  data 
are  transmitted  to  the  central  computer  for  modular  performance  analysis.  While  the  engine  is  still  running  the  analysis 
results  are  made  available  automatically  by  return  to  the  test  cell  personnel  indicating  the  quality  of  measurement  and 
performance  of  the  engine  and  its  individual  modules. 

The  ECM  user  family  connected  to  the  ground  based  infOTmation  system  is  depicted  by  Fig.  2.  Maintenance  engineering 
in  charge  of  the  daily  monitoring  and  trouble  shooting  work  is  located  at  the  maintenw>ce  base  in  Frankfurt.  Engine 
overhaul*  production  planning  and  control*  engine  test  ceil*  as  well  as  central  engineering  is  located  in  Hamburg.  The 
engine  manufacturer,  i.e.  General  Electric  in  Cincinnati*  are  also  connected  to  the  ECM  system. 


condition  monitonng 
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>  Initiotion  of  corrective 
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>  En^  perform  once 
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>  Removol  plcnnmg 

>  Workscooe  derinltion 
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monitoring 
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k  modificotion  monitoring 
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end  control 
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Fig.  2 


ECM  USERS  COMMUNITY 
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In  the  following  the  main  application  areas  are  discussed  focussing  on  coat  and  savings. 

The  financial  balance  as  depicted  in  Fig.  3  is  baaed  on  the  experience  gained  between  1963  and  1987  and  is  projected 
until  1992  to  cover  the  planned  aircraft  operating  time  of  ten  years. 

For  the  given  LH  A310/A300*600  fleet  and  the  considered  time  period  the  resulting  net  savings  through  ECM  amount  to 

3.9  mio  US  $. 

This  is  23.000  US  $  par  aircraft  and  year. 


Fig.  3 


COSTS/SAVINGS 


There  are  four  main  factors: 

"Onboard  Hardware" 

This  factor  Includes  the  cost  for  expanded  instrumentation  and  PMUX  as  well  as  a  30  %  share  for  the  Airpiane 
Integrated  Data  System  attributed  to  CCM. 

"Project  Cost" 


Establishing  the  basic  computer  structure  required  expenditures  for: 

>  creation  of  the  software  lor  data  Input  at  line  stationsf 
•  peripheral  hardware  investment; 

>  creation  of  a  new  real  time/online  data/softwwe  structure; 

-  incorpOTStion  of  manufacturera*  programs  into  Lhft  computer  environment. 

It  haa  to  be  emphetlzed  that  moat  of  the  project  coat  are  onetime^investments  charging  the  A310  fleet  for  the 
pioneering  effort  without  recurring  for  the  further  fleets  to  come. 
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"Computer  Processing  Coat" 

Currently  this  aiYMSunts  to  approx.  1|000  US  $  per  engine  and  year  which  is  0.3  %  of  the  engine  maintenance  cost.  This  is 
deemed  to  be  favorable.  Intended  program  optimization  will  further  reduce  this  figure. 

"Software  Maintenance" 


To  a  certain  extant,  the  ECM  software  is  subjected  to  continual  modifications  of  its  analytical  functionality.  This  also 
extends  beyond  the  project  period  and  requires  some  manpower  on  a  permanent  basis. 


%2.  Sovinga 

"Fuel"  (Optimum  Control  Adjustment) 

Currently  the  largest  portion  of  the  savings  is  achieved  by  ensuring  optimum  adjustment  of  the  variable  stator  vanes 
(VSV)  and  variable  ble^  valves  (V6V). 

Since  the  hydromechanical  Main  Engine  Control  (hCC)  is  per  design  not  ^le  to  compensate  internal  deterioration  this 
task  has  been  integrated  into  ECMi 

Maintenance  engineering  is  automatically  informed  about  off-optimum*schedule  shifts  derived  from  inflight  VSV/VBV 
data.  The  corrective  action,  so  triggered,  is  reduced  to  a  verification  of  the  transducer  calibration  and  the  adjustment 
itself  by  turning  the  MCC  adjustment  screw  a  defined  number  of  turns. 

No  ground  run  is  required  1 

The  consequent  application  of  this  feature  does  reduce  the  fleet  fuel  consumption  by  0.5  %  I 

The  associated  savings  depend  on  the  actual  price  of  hjel.  F or  the  time  beyond  1967  the  price  has  been  assumed  to  keep 
the  *87  level  -  for  the  coscA>enefit  balance  a  conaervativa  approach. 

"Avoidance  of  Engine  Run-uos" 

Acquisition  of  operational  data  by  ground  runs  is  no  longer  required  In  particular  for  troubleshooting  and  verification  of 
maintenance  actions  due  to  expended  instrumentation  and  avallablUty  of  appropriate  inflight  data. 

Two  features  are  reducing  especially  the  number  of  high  power  runs: 

After  replacing  the  MEC  an  optimum  rig  run/tracklng  check  is  normally  required.  Through  ECM,  pre*adjusted  MEC*s  get 
this  optimum  adjustment  using  inflight  date.  Only  an  engine  leak  check  is  performed. 

For  fan  trimbalancing  the  specific  engine  charaeteriMic  Is  derived  from  inflight  data  subsequent  to  installing  a  trial' 
balance  weight.  From  this  the  optimum  balance  bolt  configuration  in  the  fan  spinner  is  determined. 

The  convenience  of  this  method  allowa  e  frequent  epplVcetion  to  Weep  fan  vibration  to  a  minimum  for  the  entire  fleet. 

The  savings  are  baaed  on  the  experience  that  for  both  adjustment  procedures  2  run-ups  per  engine  and  yeer  are  avoided 
with  total  cost  of  1,000  US  $  per  run-up. 

"Maintenance  Cost" 


For  engine  overhaul  it  is  of  essential  importance  to  optimize  the  workscope  with  respect  to  both  performance  recovery 
and  cost.  By  the  availability  of  perfornrrance  data  down  to  the  individual  engine  mochile,  this  task  can  be  performed. 

The  information  provided  includes  the  mo<hilar  performance  parameter  deltas  (efficienciesf  flow  capacities)  relative 
nominal  end  appearant  measurement  errors.  The  ccmtribution  of  each  individual  module  to  the  engine's  exhaust  gas 
temperature  as  the  most  indicative  performance  quality  parameter  is  derived  from  this. 

The  overview  of  the  actual  engine  health  status  Is  correlated  byt 

-  initial  modular  performance  information; 

-  overall  performarwe  status  (T/0  EGT  margin); 

-  non  gas  path  related  information  (Oil  Consumption,  SOAP,  Vibration). 

The  above  mentioned  information  derived  prior  to  engine  disassembly  provides  assistance  in  defining  the  workscope. 
Modules  requiring  performance  recovery  in  any  case  are  indicated  as  well  as  modules  with  slight  degradation  to  be 
returned  to  the  engine  assembly  line  without  overhaul* 

The  reduction  of  maintenance  cost  currently  amounts  to  5  %. 

The  realization  of  these  savings  is  highly  dependent  on  experience,  which  was  gained  on  deteriorated  engines  since 
2  years.  Fm*  the  financial  balance  this  figure  Is  kept  constant  beyond  1988  although  higher  savings  can  be  eiq>ected  with 
further  practice. 
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"Early  Failure  Detection" 

Thit  ftmction  la  primarily  aimed  at  reducing  operatianal  trregularitiea  (delays,  cancellations)  and  unscheduled  engine 
removals  particularly  at  line  stations. 

Within  advanced  ECM  system  ^is  is  supported  bys 

online  processing  and  automatic  trend  recognition  reducing  the  time  gap  between  occurrence  of  an  incipient  engine 
feilure  and  detectability  trough  maintenance  personnel; 

•  trending  of  an  extended  parameter  set  including  modular  performance. 

Failure  ECM  detectable  and  inhering  the  risk  for  a  line  station  removal  «  did  not  occur  yet  for  A310/A300-600.  This  is 
due  to  the  engines'  high  reliability  standard,  application  of  other  ECM  functions  and  the  fleet  size.  With  no  occurrence 
the  cost  and  benent  balwice  currently  cannot  t^e  this  facttw*  into  account. 

Experience  from  other  fleets  proves  that  such  failures  are  reduced  but  not  avoided.  They  are  still  a  significant  saving 
potential  due  to  the  steady  increasing  cost  for  unscheduled  removals  at  line  stations. 

"Unquantified  savings" 

Beyond  the  savings  described  so  far,  ECM  also  offers  e  series  of  advantages  whose  quantification,  however,  is  somewhat 
difficult. 

This  category  includes  monitoring  hot  day  EGT  margin  and  the  limiting  outside  air  temperature  (SLOATL)  respectively. 
Engine  overall  performance  status  and  engine  deterioration  characteristics  provided  by  this  function  enable  main* 
tenance  to  determine  the  remaining  on  wing  time.  Using  this  information  for  engine  removal  planning  provides  the  key 
to  an  even  shop  load  rate. 

In  addition  the  application  of  SLOATL  does  contribute  positively  to  flight  safety:  It  does  prevent  unexpected  EGT 
exceedances  during  Take  Off. 

Due  to  the  availability  of  modular  performance  information  it  is  possible  to  combine  modules  with  regard  to  optimum 
engine  efficiency  and  lowest  fuel  bum.  Since  the  savings  for  the  attainable  fuel  bum  reduction  are  currently  lower  than 
the  cost  for  additionel  spare  parts,  module  management  is  not  applied.  This  scenario  will  change  with  an  increasing  fuel 
price. 

Further  benefits  a.«;: 

«  reduced  emission  due  to  avoided  ground  runs  (pollution  arKi  noise)  and  lowest  inflight  fuel  consumption; 

•  less  unscheduled  lay-overs  due  to  "cold"  adjustment  methods  ("cold  fan  trimbalance",  "cold  MEC  change"); 

.  reduction  of  secondary  damage/high  cycla  fatigue  (e.9.  duct  ruptures)  thanks  to  engine  vibration  minimization. 

It  must  also  not  be  forgotten  that,  in  many  cases,  ECM  provides  information  to  the  effect  that  no  problem  is  pending. 
1>:is  facilitates  or  additionally  consolidates  decision-making  processes. 


6.  Concluaiqn 

The  aim  of  the  original  Engine  Condition  Monitoring  approaches  was  to  increase  the  dispatch  reliability  by  means  of 
early  failure  detection. 

For  the  advanced  ECM  introduced  with  the  A310,  additional  objectives  are  pursued  in  order  to  save  fuel  and 
maintenance  cost. 

The  now  aveilable  A310/A300-600  experience  does  prove  the  validity  of  this  approach.  Also,  the  high  acceptance  by  the 
users  has  to  be  emphasized. 

The  ECM  investment  had  to  cover  the  implementation  of  the  basic  computer  infrastructure  as  a  major  one  lime  effort 
which  therefore  cannot  be  assigned  exclusively  to  the  A310.  Fleet  enlargement  and  incorporation  of  new  fleets  improve 
economics. 

Considering  today's  high  technological  standards,  it  is  questionable  whether  optimum  treatment  of  an  engine  can  be 
ensured  without  an  extended  ECM. 

The  on-line  availability  of  a  large  amount  of  engine  operational  data  will  aaaiat  the  angina  manufacturer  to  batter 
understand  and  quantify  the  mechanisms  by  which  anginas  deteriorate  in  service.  This  will  contribute  to  proAict 
improvements  to  the  benefit  of  the  airline  in^stry. 
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7.  Oiittoafc 

The  above  described  concept  v^ill  be  used  es  the  standard  for  future  aircraft/engine  types  with  some  further 
enhencemer^ 

For  AIRBUS  A320  and  BOEING  B747-40G,  ECM  will  be  extended  to  a  comprehensive  "Airplane  Condition  Monitoring" 
(ACt^  covering  englnei  APU  and  alrplana  performance. 

The  engines  of  these  aircraft  are  generally  eguipped  with  a  Full  Authority  Digital  E^ine  Control  (FADEC).  The  FADEC 
per  design  (Closed  Loop  Concept)  automatically  ensures  optimum  VSV  and  VBV  adjustment.  The  cost  for  ECM  related 
on>board  hardware  is  reduced  because  the  FAOCC  amongst  other  things  replaces  the  PMUX. 

As  a  furthm*  "Data  Tran^>ort  Oiamel"  it  is  planned  to  est^lish  a  direct  transfer  of  digital  data  from  the  aircraft  via 
ground  stations  to  the  central  computer. 

The  expansion  to  ACM  necessitates  software  standardization  for  minimizing  the  airline*8  implementation  effort. 
Standardization  endeavors  are  currently  being  forced  ahead  by  SAE  under  strong  support  by  manufacturers  and  airlines. 

ECM  is  of  particular  importance  for  all  airlines  operating  twin  engine  aircraft  under  extended  range  conditions 
(EROPS).  This  is  supported  by  the  FAA  in  drafting  of  an  appropriate  recommendation  for  operation  under  CROPS 
conditions. 

The  changing  attitude  of  the  manufacturers  must  also  be  mentioned.  While  ECM  was  still  largely  left  to  the  initiative  of 
the  airlines  a  few  years  ago,  particularly  also  the  aircraft  manufacturers  have  realized  that  they  have  a  relevant 
contribution  to  make. 

A  step  in  the  right  direction  is  the  approach  for  integration  of  an  Aircraft  Condition  Monitoring  System  (ACMS)  in  the 
BOEING  7J7  aircraft.  The  ACMS  requirements  are  already  being  taken  into  account  in  an  early  phase  of  the 
development.  Both  the  on-board  hardware  and  also  the  ground-based  software  will  be  provided  and  supported  by  the 
aircraft  manufacturer.  As  a  matter  of  caursey  also  in  this  scenario  the  challenge  of  implementation  and  successful 
af^lication  still  remains  with  the  user  airlines. 


DISCUSSION 

M.  BRUSSliLEERS 

1.  Can  the  transition  of  a  classic  ECM  system  to  a  system  as  you  pre¬ 
sented  be  done  without  any  increase  in  man  power.  Did  you  account  for 
this  increase  in  man  power  if  necessary? 

2.  The  ECM  system  requires  additional  hardware  such  as  instrumentation, 
PMUX,  AIDS  ...Vhat  is  your  experience  with  the  reliability  of  this 
hardware?  Did  it  yield  additional  maintenance  costs  and  did  you  account 
for  It  in  your  coat  figures? 

Author's  Reply: 

1.  There  is  no  nan  power  increase  with  respect  to  the  maintenance  engi¬ 
neering  being  in  charge  of  the  daily  trend  monitoring.  The  automatic 
trend  recognition  and  alerting  feature  even  compensate  for  the  fleet 
increase.  Within  the  engineering  division  there  is  a  certain  man  power 
required  to  evaluate  advanced  maintenance  procedures  and  to  coordinate 
the  ECM  system  Itself.  Our  cost  figure  do  not  account  for  this. 

2.  We  had  problems  with  the  pressure  sensor  lines  in  the  beginning 
These  problems  are  solved  since  the  PMUX  is  redesigned.  Additional 
costa  are  minor,  our  cost  figure  do  not  account  for  it. 

P.J.JENKINS 

What  advantages  are  provided  by  using  ACARS  downlink  instead  of  a  ground 
baaed  data  transfer. 

Author's  Reply: 

The  ACARS  la  used  for  flight  operations  and  also  for  the  tranaaiission 
of  troubleshooting  mesaagea  from  the  Central  Maintenance  Computer! uplink 
and  downlink). 

The  main  advantages  of  ECM  are: 

-reduction  of  time  Interval  between  recording  and  analysis  down  to 
a  few  seconds. 

-Reduction  of  workload  for  line  personnel 

-slightly  higher  data  quality  becaua  input  errors  from  the  human  Inter¬ 
face  are  eliminated. 


--Jt.  . 
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H.  AHRENDT 

Could  fou  outline  the  cold  fan  balance  procedure? 

Author's  Reply: 

Froa  the  vibration  level,  aaplitude  and  phase  angle,  the  speed  and  the 
bolts  configuration  ve  calculate  on  a  P.C.  the  corrections  to  apply  on 
the  spinner  by  changing  the  bolts  configuration. 

F.  AZEVEOO 

Is  the  relation  between  labalance  and  vibration  units  different  froa 
engine  to  engine? 

Author's  Reply: 

The  reaction  is  sioilar.  but  not  identical.  For  that  reason  the  specific 
engine  characteristic  is  derived  by  installing  a  "trial”  balance  weight 
prior  to  installing  the  final  balance  bolt  configuration. 
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LE  CFM  S«-S  SUK  A32«  A  ADt  FRANCE 

k  par 

P.Chetail 
AIR  FRANCE 
DM-IW 

Direction  du  Materiel 
Air  France  Orly 

'  94396  Orly  Aerogare,  France 


1.  HISTOHIQUE 

Air  Pranc«  a  dda  1967,  une  dea  premiArea  Compagniea  <n  Europe  A  mettre  en 

oeuvre  le  aulvl  permanent  au  sol  des  paramAtres  r£acteur  eri  cro^'^lAre. 

Ceux-cl,  enregl8tr6e  A  bord  par  lea  mAcaniciena  navigants  sur  des  rahlers  prAfoiv 
raatAs  (fig  1}  sont  ensulte  transmls  par  tAlAgramne,  A  la  pretniAre  escale  touchAe, 
A  un  ordlnateur  central  sltuA  prAs  de  ?ari8,  au  centre  Air  France  de  VllgAnis, 
oO  elles  sont  traltAes  "en  batch",  la  nult,  selon  un  programme  fourni  par  lea 
constructeura  moteur  Pratt  et  Whitney.  Rolls  Royce  ou  General  Electric.  Lea 
listings  correapondanta  (fig  2,  3*  4)  aont  transmis  le  lendemain  matin  par  na- 
vette  automobile,  aux  centres  de  maintenance  aituAa  aur  lea  aAroports  de 
Charles  de  Gaulle  et  d'Orly. 


Au  cours  des  20  dernlArea  annAea,  ce  traltement  Journalier  a  fait  la  preuve  de 
eon  efficacltA  et  figure  d'ailleurs  nommAment  aux  programmes  de  flabilitA 
dAposAs  par  la  Compagnie  Air  France.  auprAa  des  AutoritAa  de  Tutelle  Frantaiaea. 
Dee  cahiera  de  signature  de  panne  existent  qui  regroupent  la  mAthode  de  aulvl 
des  paramAtrea  et  d'autrea,  tellea  que  le  SOAP,  qui,  toutea  ensembles,  partlci- 
pent  A  la  surveillance  permanente  des  moteurs  entretenua  selon  Atat  (fig  5). 


2.  LIMITATIOMS  RENCONTREES  EN  SERVICE 

Le  recours  aux  mAcaniciena  navigants  prAsente  certains  avantages.  Ceux>cl  exer- 
cent  leur  Jugement  quant  A  la  reprAaentativitA  dea  valeura  enregiatrAea ,  et 
d'ailleurs,  depula  quelquea  annAea,  lie  aupplAent,  dans  une  certalne  meaure,  aux 
limitations  InhArentee  A  ce  ayatAme  de  surveillance  A  moyen  et  long  terme.  lie 
procAdent  A  bord,  en  temps  rAel,  A  certaina  calcula  deatinAa  A  dAceler  lea  pan¬ 
nes  brusques  et  notent  un  nombre  rAduit  de  valeura  au  dAcollage,  qui  complAtent 
utllement  ce  traltement  des  donnAes  de  croiaiAre,  en  permettant  de  aurvelller  au 
aol  I'Avolutlon  de  la  marge  rAalduelle  EGT  A  pleine  puissance  en  ambiance 
"chaude"  . 


En  1983i  I'arrivAe  A  Air  France  d'un  avion  pilotA  A  deux,  le  B.737.  e  entrainA 
la  remise  en  question  des  conditions  d ' acquia i t ion  et  de  tranamlaslon  dee  don- 
nAea  rAacteurs.  La  solution  de  relevAa  manuela  falta  par  I'officler  pilots  fut 
reJetAe  par  prlncipe,  cette  tAche  ns  participant  pas  directement  A  la  condulte 
du  vol .  L ' acqulsl t ion  des  6.737  A  Air  France,  en  1983»  Atait  alors  supposAe 
temporaire.  II  fut  alors  dAcldA  de  ne  procAder  qu'A  dea  modifications  nineures 
de  I'avion  de  base  (Installations  aupplAmentalres  d'un  capteur  EGT  par  rAacteur), 
et  de  profiler  de  1 ' installation  du  QAR  pour  extraire  en  dlffArA,  au  aol,  lea 
donnAes  rAacteurs  A  partlr  dea  enreglatrementa  magnAtiquea  continue  rAalieAa  A 
bord  aur  cassette  (fig  6). 


TrAs  rapldament,  deux  llaltatlona  apparurant  : 

<•  la  nombre  de  points  extralta  dut  ttre  limitA  A  un  seul  par  Jour  et  par  avion 
(bien  que  le  loglciel  dAveloppA  au  aol  alt  AtA  capable  d'en  reconnaltre 
baaucoup  plus ) , 

•  le  retard  A  1 ' exploitation  dea  rAaultata,  fonctlon  du  dAlal  da  dApose  et 

transmlsaion  des  eassettea,  Atait  de  I'ordre  de  8  A  9  Jours,  aurtout  dans  le 
cas  oO  ces  cassettae  davaiant  Atre  dAposAes  dans  des  ascalss  autres  que 
cellea  de  la  rAglon  parisianne. 

Cepandant,  eetta  mAthode  permattalt  d'aasurer  un  "traitemant  monitoring  minimal" 

aecaptabla  das  rAaetaura. 
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3.  DEFINITION  £T  NISB  EN  OEUVRE  D*UNB  NOUVELLS  ETAPB 

Specification  ETHT  n*  2  at  axpArienca  ATLAS  A310. 

Dea  1975*  en  etrolta  cooperation  avac  laa  autraa  Baabrea  da  groupe  ATLAS  (1).  at 
notaaaant  avac  la  participation  da  Lufthanaa,  una  apedf Icatlon  ATLAS  etalt  aiea 
au  point  at  adraaada  A  Airbua  Induatrla^  pour  la  aiaa  an  oauvre  da  1 ' acquisi t ion 
autoaatlqua  daa  donneaa  aur  avion  ABIC.  A  l*alde  d'un  ealculataur  da  bord  at 
d'una  iBpriaanta. 

Tandia  qu'A  LH,  ca  ayatAaa  etait  genArallae  aur  toua  leura  A310  at  donnait  llau 
aux  dAvaloppaaanta  trAa  IntAraaaanta  qul  ont  Ate  prAsantAa  par  alllaura*  la 
prAaanca  d'un  troiaieaa  aaabra  d^Aquipaga  dana  laa  aviona  A310  d'Air  Franca 
paraattait  da  continuer  la  aAthoda  anCArlaura  da  ralavAa  aanuala.  Toutafola,  la 
aysteaa  AIDS/laprlaanta  Atalt  axpArlaantA  A  Air  Franca  da  fa(;on  axtanaiva  aur 
la  praalar  avion  llvrA  (F-GENA). 


GrAca  A  la  participation  active  daa  Aqulpagaa  Air  Franca  d'una  part,  at  da  SFIN 
( conatructaur  da  I'AIDS)  d'autra  part,  au  bout  d'un  an  d* axploitation ,  daux 
conclualona  aaaantiallaa  parent  Atra  dAgagAaa  : 

la  loglqua  da  raconnalaaanca  da  I'Atat  "aotaur  atabiliaA",  baaAe  aur  la 
conatanca  da  la  TAT  una  fola  la  aoda  "cruiaa”  engage,  davalt  Atra  changAa 
au  profit  da  la  raconnalaaanca  d'un  N1  atablllaA, 

-  1  * acqula 1 1 ion  pratiqua  daa  donnAaa  (A  I'alda  d'una  iapriaante  da  bord),  laur 

lactura  ultAriaura  au  aol,  laur  tranaaiaalon  par  telex  au  ealculataur 
central  da  VllgAnla,  aAaa  liaite  A  un  aaul  avion  aa  rAvAla  trop  lourde  A 
aattra  an  oeuvre  afficacaaant  at  rapidaaant  par  lea  aarvicaa  au  aol,  dont 
laa  aoyana  n'avalant  paa  Ate  augnantAa. 


En  conaAquanca,  11  apparut  A  I'Avidanca  qu'll  Atalt  nAcaaaaire  d' automatlaer 
catta  tranaaiaalon  en  pranant  avantage  da  I'expArlance  dee  coapagnlea  amArl- 
calnaa,  DAL,  AAL  at  PAA  an  particuller,  qui  tranaaettalant  dlracteaant  caa 
donnAaa  au  aol,  par  VHP  ealon  un  aystAaa  dit  ACARS. 


La  Direction  GAnArala  d'Air  Prance  dAcldait  alora  d'Aqulper  laa  A320  (pilotAa  A 
daux  dAa  laur  nlaa  an  aarvlca)  (fig  7)>  d'un  ayatAne  AXDS/ACARS  destine  dans 
un  praalar  teopa,  A  acquArir  at  trananettra  autonatiquaaant  laa  donnAaa  rAac- 
taurs  au  dAcollaga  at  an  croialAra,  I'extenalon  da  ca  node  da  traltanant  A 
d'autraa  types  da  donnAaa  ( Infornatlona  opirationnellea ,  mAtAo,  etc.)  Atant 
prAvua  dana  una  Atapa  ultAriaura  (fig  8  at  9)> 


4.  DEFINITION  DU  SYSTENE  A320 

4.1.  Acquisition . 

Da  fa<;on  aiapliflAa,  on  paut  coneldArar  Xe  syatAaa  A320  comme  la  superposition 
au  ayatAae  rAgleaentaire  tradltionnel  d ' acquisition  et  de  stockage  de  donnAes 
aur  un  DFDR,  d'un  ayatAae  d ' acqula it Ion  en  parallAle  de  ces  aAaea  donnAea  et  de 
tranaalssion  au  aol  par  un  ayatAae  du  type  ACARS  (AIRCON).  Ce  ayatAae  repose 
aur  I'exlstence  d'un  rAaeau  aol  de  tranaaiaalon  par  telex,  le  SITA.  Ce  rAaeau 
recouvre  dAJA  aufflsaanent  blen,  en  1968,  I'enaeable  dea  llgnea  exploltAea  par 
lea  A320  d'Air  France  pour  devenlr  coaplet  en  1990  (fig  10). 


4.2.  Tranaaiaalon . 

Leo  donnAea  tranaalsea  par  AIRCON  aont  re9ue8  autonatlqueaent  par  la  station 
aol  SITA  la  plus  proebe ,  la  reconnaiaaance  et  mlae  en  tranaalssion  du  aeasage 
Atant  coaplAteaent  automatlque  et  pouvant  Atre  effectuAe  dAa  I'Aaiaslon  du 
aeasage  qul,  a'll  n'eet  pas  tranaoia  imBAdiateaent ,  eat  stockA  en  aAaoire  A  bord. 


La  station  aol  retranaaet  le  aeasage  A  I'ordlnateur  central  AF  de  VilgAnis  via 
Hong-Xong . 

NOTA  Au  aoaent  de  1 ' A tabl laaeaent  de  ce  rapport  (fAvrler  1988)  quelquee  dlffl- 
cultAa  de  rAallsatlon  Atalent  apparues  chex  lea  Aquipaaentiera  cbolaia 


(1)  ATLAS  eat  un  conaortlua  foraA  par  lea  cinq  Coapagnlea  : 

Air  France  /  Luftbanea  /  Iberia  /  Alitalia  /  Sabena 
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par  Airbus  Industrie,  BENOIX  pour  les  ACARS  et  NORD  MICRO  pour  les  AIDS. 
Air  France  a  prAvu  de  pallier  A  ces  difficultAs  teaporalres  en  recourant 
A  une  oAthode  du  type  B.737  dAcrite  cl-dessus. 

Traltement  GEM  (Ground  based  Engine  Monitoring). 

A  VllgAnis,  les  donnAes  sont  traitAes  en  temps  rAel  suivant  le  programme  GEM 
(version  10.0),  et  une  surveillance  automatique  est  programmAe  qui  vise  A  recon- 
naltre,  dAs  qu'elles  apparaissent ,  les  anomalies  de  tendance. 

Afln  de  limiter  le  nombre  de  fausses  alertes,  le  systAme  de  surveillance  auto- 
matlque  a  AtA  llmltA  volon taireoent  A  Air  France  auz  seuls  paramAtres  EOT  et  VIB, 
au  fflolns  dans  un  premier  temps. 

Le  listing  habltuel  ADEPT  Amis  Journellement  pour  les  autres  types  de  rAacteurs 
est  remplacA  par  un  listing  GEM,  Atabli  d'une  facon  systAmatique  seulement  une 
fols  par  semalne,  male  celul-cl  pent  Atre  "appelA"  automatiquement  A  partir  des 
termlnaux  du  service  utilisateur,  par  une  transaction  par t Icul i Are ,  pour  un 
matrlcule,  un  avion  ou  un  rAacteur  donnA  (fig  11). 

Alerte  automatique. 

L'algorlthme  de  reconnaissance  est  le  suivant  ; 

IXn  =  IXn-1  *  o<.  1  •  (Xn  -  IXn-1) 

Si  Xn  est  I'Acart  d'un  paramAtre  avec  sa  valeur  de  rATArence  pour  le  relevA 

de  rang  n 

IXn  la  valeur  llssAe  de  cet  Acart  pour  le  rang  n 
OC  1  coefficient  de  lisaage  dit  exponentiel  compris  entre  0  et  1 

Loraque  la  diffArence  |Xn  •  IXnj  est  supArieure  ou  Agale  A  un  seuil  prA-dA- 
termlnA,  un  message  est  Amis  automatiquement  par  le  calculateur  central  de 
VilgAnis  et  apparalt  sur  les  Acrans  du  service  contrdlc  de  la  base  principale 
de  maintenance  DM.QN  de  I'aAroport  Charles  de  Gaulle  (fig  12). 


Le  service  peut  alors  demander  des  informations  supplAmentalres 
et  le  listing  GEM,  en  particuller. 


1  ‘  ordinateur 


Les  rAacteurs  CFM  56-5  n'avalent  pas  encore,  A  la  date  d'Amission  de  ce  rapport, 
donnA  d'alerte  rAelle,  c'eat  pourquoi  le  programme  a  AtA  appliquA  rAtrospecti- 
veraent  aux  donnAes  brutes  rAellen  CF6-50C  et  E  correspondent  A  des  incidents 
rAels,  enreglstrAs  A  Air  France  au  cours  de  I’annAe  1987  (fig  13  et  1*1). 

II  convlent  de  noter  que  ce  systAme  de  reconnaissance  de  tendance,  basA  sur  les 
dAvlatlons  brusques  du  rAacteur  par  rapport  A  lui-mAme,  recoupe  en  gAnAral  celui 
qui  est  InstallA  sur  le  calculateur  de  bord  et  qui,  pour  1 ’ EOT  seulement,  dAcAle 
ses  variations  brusques  d'un  rAacteur  par  rapport  A  son  (ou  ses)  homologues  , 
fonctionnant  sur  le  raAme  avion  et  dans  le  mAme  environnement .  Mais,  tandis  que 
la  surveillance  InetallAe  ne  s'adresse  qu'au  paramAtre  principal  d'Atat  qu’est 
1 ' EGT ,  la  surveillance  au  sol  peut  plus  facilement  Atre  programmAe  pour  survell- 
ler  Agalement  d'autrea  paramAtres,  avec  des  algorithmes  analogues  ou  mAroe  dlf- 
fArents.  Ces  mAthodes  sont  complAmentaires  et  ne  se  superposent  que  pour  1 ' EGT . 


Surveillance  de  I'Atat  dee  modules. 

Depuls  plus  de  10  ane,  Air  France  Avalue  les  performances  modulaires  de  ses 
rAacteurs  CF6-50  et  -80,  au  banc  d'essai,  oQ  une  instrumentation  epAciale  est 
installAe  A  cet  effet.  Sur  CFM  56-5.  cette  installation  exlste  (fig  15)  en 
permanence,  et  ses  Informations  sont  recuelllles  sur  AIDS  et  transmises  par 
AIRCOM  en  mAme  temps  que  lee  informations  relatives  aux  paramAtres  usuela. 

Ainsi  que  I'ont  dAmontrA  sur  le  CF6-80A3,  LH  et  KL,  Air  France  a  I'lntentlon 
d'utiliser  cette  information  pour  optimiser  la  dAfinltlon  des  travaux  A  effec- 
tuer  sur  un  rAacteur  descendu,  solt  pour  une  cause  mAcanique,  solt  pour  limite 


theralque  potentlelleaent  attelnte  (a^thode  OATL).  AprAs  enti.-£e  en  atelier, 
I'Atat  physique  des  eoapoaants  du  rdactaur  eat  rapprochA  des  ftlftaenta  de  rende- 
aent  et/ou  de  capaeitd  da  ddblt  d^taralnds  par  le  tralteaent  GBM/TEMPER,  et  le 
worskcope  eat  afflnA  an  conaAquence. 


Alnal  eat  bouclA  la  traitenent  dea  donn6aa  rAacteura. 


En  conclusion,  11  convlant  de  soullgnar  qua  le  tralteaent  dea  paraaAtres  r6ac> 
teura  aur  A320,  n'aat  qu'una  dea  aAthodaa  da  surveillance  de  I’Atat  dea  CFM  S6*5. 
Ella  eat  coapl6tde  par  deux  types  de  surveillance  peraanente,  l*un  de  l'6tat 
dea  plAces  adcanlques  par  observation  vlsualle,  borescoplque  ou  gaaaagraphique , 
et  I'autra  da  I'^tat  d ' uaure/fatlgua  das  plAces  lubrlfl6es  par  I'huile  par  bou- 
chon  aagnAtlque  at  apectrographla  d * Achant 11 Ion  d'huile.  C'est  de  1 ' haraon 1  sat  ion 
da  ces  mdthodes  et  de  la  alee  en  oeuvre  de  leur  coaplfiaentari t6  que  depend 
1 ' aa6 1 lorat Ion  de  la  flabilit^  du  propulseur. 


Sur  A320,  A  Air  France,  la  phlloaophla  d'entretlen  des  rAacteurs  n'est  pas  dif- 
fdrenta  de  celle  da  toua  les  autrea  propulseurs,  du  DART  A  I'Olympus  en  Incluant 
tous  les  rAacteurs  PWA  et  GE,  aals  1 ' Installation  AIDS  *  AIRCOM  contribue  A 
rendre  beaucoup  plus  efficace  que  par  le  passA,  la  surveillance  de  I'intAgritA 
du  passage  des  gaz . 

Le  but  recherchA  par  I'eaploi  de  ces  techniques  d'entretlen  peut  d'ailleurs  se 
rAsuaer  d'une  faqon  lapldaire 


MOMITORER  POUR  MIEUX  ANTICIPER 


WEBTE  PANS  UB  CARIMBT 
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Fig. 
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Fig. 
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Fig.  12 
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Fig.  13 
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ADTOIUTISIO  OAS  TURBINES  IN  COHBIMBD  CTCU'UMITS  FOR  RLRCTRICITT  AND  HRAT  PRODUCTION 


A.S.  d«  Cl*req 
Tie«-Olr«etor 

Noalelpal  Rmcut  BoatU  Th*  Rttu* 
P.O.  Box  A0701 
2S0A  LS  Tho  BAEUt  (NL) 


SUMART 


In  1983  ttfo  RR  2S  HU  Olyapuf  SR  30  gAA  turbinAt  cam  in  tArvlc#  tOEA^bor  with  a  25  HU  stoAB 
turbin#  in  ‘a  combinod  eyelo  eoncApt  in  tho  pownrworlLs  of  Tho  Haeua  (NL)  in  order  to  xupply 
AlActrielty  And  hoAt  to  tbo  city. 

The  roAtons  irtiy  thii  eoncopt  -  beinE  the  first  one  in  the  NL  -  wet  choion  aro  sivon*  followed 
by  dAfcription  of  the  unit,  iti  sutoMtion  end  xtonitorinE  and  control  equlpaent. 

BiperiAnee  obtained  la  sixAB. 


1.  INTRODUCTION 

In  1983  in  the  powerworfca  of  the  city  of  The  Hasue  (ML)  a  coabined  cycle-unit 
conaiatiflE  of  t%ro  Rolla-Royce  saaturbinea.  two  flue  gaa  boilera  and  a  DeLaval-Stort 
ateaa  turbine  waa  cooalaaioned. 

Rieept  for  the  electricity  aupply  for  the  center  of  the  city  and  cooperation  in  the 
national  electriclty-Erid  thla  unit  ia  the  aain  production-unit  of  the  diatrict 
heatins  ayatea  of  the  city. 

Aa  third  city  in  aucceaion  in  the  country  The  Hasue  atarted  a  diatrict  heating  ayatea 
in  1975.  Thla  ayatea  waa  In  ao  far  unique  that  apart  froa  ateaa-bleedinE  of  an 
AiciatinE  ateaa-turbine  of  tha  powerworta  the  heat  la  alao  obtained  froa  the  refuse 
Incineration  plant  next  to  the  powerplant. 

Aa  the  heat  deaand  (connected  load)  waa  (and  ia  still)  Inereaains  already  in  1978  it 
becaae  clear  that  the  replaceaent  of  two  old  turbo-Eeneratora  of  30HU  electrical  of 
the  condensation  type  that  waa  to  be  realised  in  1983  had  to  be  done  by  inatallins  a 
coabined  cycle  of  about  75  HU  electrical  and  80  HU  theraal  output. 

In  this  paper  the  reasons  lAy  this  concept  was  chosen  are  siren,  followed  by  a 
description  of  this  unit  for  electricity  and  beat  production  based  on  the  lightweisht 
type  sas  turbine. 

Purtheraore  the  autoaation  and  Bonitorlns  and  control  equipaent  are  described  and 
experience  obtained  in  soae  5  years  of  serrice  ia  discussed. 

2.  CHOICR  OP  THR  COKBINED  CTCLB-UNIT 

The  power  station  in  The  Hasue  has  a  aiddle  load  function  in  the  case  of  electricity 
supply.  This  is  an  interaediate  stase  between  baae  load  and  peat  load. 

The  aiddle  load  operation  (a  to  5000  brs/a)  is  characterised  by  relatirely  frequent 
starts  an  stops  (about  250  tiaes  per  annua)  and  a  desMnd  for  short  load  increasing 
tiaes  froa  no  load  to  full  load. 

It  is  well  known  gas  turbines  can  be  put  on  load  rery  quickly,  so  they  are  extreaely 
suited  for  accoaodating  peak  loads.  It  Is  true  that  their  beat  conauaption  is 
relatively  high  but  the  low  costs  of  installation  per  kU  convensate  this  fact  at  peak 
load.  Horeover,  gas  turbines  require  no  cooling  water  facilities  and  can  easily  be 
autoaated  and  reaotely  controlled.  Large  nui^ers  of  gasturbines  have  been  installed 
all  over  the  trorld  for  peak  load  service.  In  our  country  since  1968  aoae  lao 
gasturbines  have  been  installed,  lately  to  "repotrer”  existing  powerworks.  Develo|Ment8 
of  gas  turbines  and.  therefore  of  ii^^ortant  components  of  coabined  cycle-units  have 
led  to  the  existence  of  two  wain  types. 

On  the  one  bar.i  land  based  aachines  have  been  developed  and  on  the  other  band  the 
types  known  froa  aviation  have  been  rendered  suitable  for  generating  electricity.  The 
foraer  is  the  heavy  duty  type  characterised  by  sturdy  constructions  with  all 
advantages  of  this  robustness.  The  second*  the  aero-derived  light-weight  type,  is 
characterised  by  lighter  constructions  and  very  short  load  increase  tine. 

Coabined  cycle-units  consisting  of  a  coiri^ination  of  gas  turbines  and  steaa  turbines 
can  generate  electricity  at  a  high  efficiency,  in  addition  to  which  they  can 
relativaly  quickly  be  put  into  service.  Therefore  coabined-cyele  units  are  very 
suitable  for  aiddle-load  electricity  su^ly*  as  was  needed  in  The  Hague.  Purtheraore 
heat  for  a  district  heating  systea  can  be  obtained  by  bringing  an  extra  pipe-section 
in  the  flue-gas-flow  down  stream  of  the  boiler  and  extracting  steaa  froa  the  steaa 
turbine. 
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3.  OBSCSIPTION  OP  THE  UHIT 

With  4  ?i4w  to  the  tftllebility  for  the  of  heet  eod  power  the  iDitelletloa 

of  two  unit!  wei  being  coneidered.  Beceuie  of  the  itenderdizetion  of  existing  ges 
turbine  units,  two  2S  Hwe  get  turbines  were  chosen,  esch  with  s  best  recosery  boiler. 

the  stesM  froa  the  two  unfired  beet  recotery  boilers  is  led  to  one  2S  HWs  steaa 
turbine,  thus  resulting  in  e  totel  power  of  7S  MWe  (FIG  1). 

In  order  to  inereese  the  efsllebility  of  the  instelletion  both  for  the  heet  end  posrer 
production,  verloue  feeturee  were  included  in  the  system,  i.e.: 

-  two  seperete  steea  circuits  eoebllng  the  ges  turbines  with  their  own  boiler  to  be 
sterted  end  stopped  independently; 

-  e  bypess  of  the  steea  turbine  in  order  to  be  eble  to  continue  genereting  electricity 
by  aeens  of  the  ges  turbines  end  eotering  the  need  of  heet  when  the  steea  turbine  is 
shut  down,  combined  with  en  emergency  condenser: 

-  further,  with  regerd  to  the  eveilibility  of  heet  end  power,  mention  aey  be  aede  of 
the  possibility  of  Guickly  sterting  up  the  unit;  within  20  minutes  which  is  e  rery 
short  time  for  electricity  works,  the  systea  cen  be  brought  to  full  electric  loed 
end  then  2/3  of  the  aeziaua  cepeclty  is  eveileble. 

-  the  sterting  systea  consists  of  e  hydreulic  sterter  motor  thet  is  drifing  the  HP 
compressor  of  the  ges  turbine.  The  motor  itself  is  driven  by  pressure  oil  obteined 
fr<Mi  en  electricel  driven  pump. 

Thenks  to  the  aeesures  teken.  the  eveilebility  of  the  Instelletion  es  e  whole  is  es 
good  es  thet  of  e  conventions!  power  stetion. 

Power  control 

The  operetion  control  of  this  three  sheft  gesturbines  is  done  by  aeens  of  en 
electronic  Woodwerd  governor.  The  power  controlling  is  based  on  che  speed  of  HP  en  LP 
coapressor  parts,  the  speed  of  the  electric  generator  vie  the  power  turbine  (primary 
control),  the  pressure  control  of  the  c^pressor  end  teapereture  control  of  the  outlet 
of  the  gesgeneretor. 

For  the  eut^Mtion  the  Sieaens  Telepera  H  systea  was  chosen  enabling  ell  controls  to 
be  visualised  on  e  screen.  With  the  aid  of  e  luminous  pin  the  control  date  cen  be 
adjusted  end  control  actions  cen  be  carried  out.  By  means  of  e  process  computer  in 
this  advanced  instelletion  various  computing  programs  end  date  acquisition  cen  be 
carried  out.  including  optiaelisetion  eeleuletions  for  the  operetion. 

3.1  DESCRIPTION  OF  THE  GASTURBINES 

The  package  gesturbine  consists  of  the  ges  generator  end  power  turbine  (FIG.  2)  end  is 
pieced  in  the  existing  building  in  a  structure  fabricated  from  aetal  plates  secured  to 
a  aetal  frame.  The  structure  is  double  skinned,  the  inner  skin  being  perforated.  Sound 
absorbent  aeteriel  is  pecked  into  the  space  between  the  two  skins  to  reduce  noise  to 
an  acceptable  level. 

Located  in  the  ges  turbine  enclosure  is  a  fabricated  base  frame  which  supports  both 
the  ges  generator  end  the  power  turbine.  The  ges  generator  is  trunnion  aounted  to 
support  columns  bolted  to  the  base  frame.  The  power  turbine  support  pedestal  is  bolted 
directly  to  the  base  frame  (FIG.  3). 

After  the  gas  generator  exhaust  gases  have  passed  through  the  power  turbine,  the  gases 
are  used  to  fire  the  boiler  and  then  are  vented  to  ataosphere  through  a  stainless 
steel  exhaust  stack,  aounted  on  the  roof  of  the  building. 

3.1.1  GAS  GENERATOR 

The  gas  generator  is  a  Rolls-Royce  Industrial  Olyapus  straight-flow  unit  having  a 
medium  compression-ratio  of  10  and  consisting  of  a  five-stage  LP  coapressor  and  a 
seven-stage  HP  coapressor.  arranged  in  tandem. 

Bach  CMpressor  is  separately  driven  by  its  own  one-stage  turbine  through  co-axial 
shafts.  Being  mechanically  Independent  each  compressor  is  rotating  at  optimal  speed, 
having  flexibility  in  service,  fast  acceleration  and  a  high  degree  of  stability  at  all 
loads  without  the  need  of  variation  of  engine  geometric  or  blow  off-facilities. 

Another  advantage  is  that  when  starting  it  is  sufficient  to  drive  the  HP  compressor 
and  turbine  only. 

Burners 

The  eight  burners  are  secured  to  the  HP  c^pressor  delivery  casing  and  project  into 
Che  combustion  chambers.  Bach  burner  has  a  main  and  primary  liquid  fuel  feed  and  a  gas 
fuel  feed.  The  main  liquid  fuel  enterv  each  burner  from  an  individual  hose  directly 
connected  to  the  pressurizing  valve  whilst  the  primary  liquid  fuel  pipes  are  connected 
to  the  burner  via  a  manifold  pipe. 

A  separate  LUBRICATING  OIL  STSTEH  for  the  gas  generator  having  pipings,  filters, 
magnetic  inspectionplugs  and  eccessoires,  consists  of  four  main  exponents. 

The  main  oilpump  unit  is  consisting  of  a  main  pressure  p«i>  tod  a  scavenee  oH  yuip 
unit. 

The  auxiliary  scavenee  oil  pumn  unit  incorporates  four  gear-wheel  type  scavenge  pumps 
and  four  associated  filters  and  is  aounted  at  the  rear  of  the  tank.  These  pumps  are 


ic«f«nsins  th«  front  bonrlnc  of  tbo  LP  eooprontor  nnd  oil  sopnrntor,  tho  BP  turbino 
bonrinc*  tho  Intoraodlnto  enoins  with  Itn  intornbnft  bonrins  nod  tho  LP  terbioo 
bonriof . 
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FUEL  COmOL  OF  IHI  GAS  OUfSEATOtS 

Inch  inn  lonorntor  bnn  itn  oim  fool  eontrolnyttoM  eontrollini  tho  powor  by  annon  of 
tbo  lonntity  of  fnol  ntronatot  tbo  bnraorn.  Tho  anln  eoaponootn  nro  n  gnofiltor, 
n  proiiuro  control  tnlvo*  n  inn  control  vnlto  nnd  oporntini  dofico,  fnnt>elonio|  rnlvo 
nnd  n  powor  npood  roinlntor.  Tbo  Inttor  in  aonatod  off  tho  on|ino. 

ELBCTUC  STSTEH  OP  GAS  GEMEEATOt 

Tho  oloctrie  oquipannt  of  tho  |na  tonorntor  inelndos  no  iinition  nyntoa, 
inntruanntntion  for  tho  LP  nod  HP  npood  nod  n  DC-nolonoid  to  eootrol  tho  noti-ieioi 
hot-nir  rnluo. 

Tho  STAETSI  HOTOt  in  n  hydrnulie  aotor  thnt  in  to  bo  eonnoetod  to  tho  RP*eo^»ronsor 
nhnft  by  aonnn  of  no  natoantie  conplini.  Tho  hydrnnlie  onoriy  for  tho  aotor  in 
nuppliod  by  n  nopnrnto  AC-driooo  pnap  thnt  in  aountod  naoni  tho  neeonnorion. 

BOBOSCOPE  INSPECTIOH  eon  bo  dooo  thrott|h  Tonr  opooioin  in  tbo  eoi^ttation  eboabor 
cnatini  to  tho  nonnlo  |dido  vnaon  of  tho  HP-tnrbino  nnd  tho  eoa^untion  chnn^ra 
(erntor-oponinin)  nod  nftor  roaooiai  tho  bnrnorn  conn  no  oponioi  in  tbo  oihnont 
nonulun  nllown  ionpoctioo  of  tho  ootnlo  guido  moot  of  tho  LP-turbino. 

3.1.2  POUEB  TUBBINE 

Tho  po«or  turbino  it  n  Eolln-loyeo  throo-ntn|o  mini-flow  turbino.  Tho  rotor  It 
ovorhutti  aountod  on  tho  anin  nhnft,  thnt  it  tupportod  in  two  big  whlto  aotnl  bonringt, 
which  nro  aountod  in  n  podontnl  thnt  in  aountod  on  tho  bnno  pinto.  Tho  oihnunt  gntot 
froB  tho  got  gonorntor  ditchnrgo  into  tho  intorturbinoduct.  otpnnd  in  tbo  throo  ttngot 
of  tho  powor  turbino  nod  finnlly  ditchnrgo  into  on  uptnho  by  aonnt  of  no  oihnutt 

TOlUtO. 

BOBOSCOPE  IHSPECTIOH  of  tho  firnt  ntngo  nonnlo  gnido  rnnot  of  tbo  powor  turbino  con  bo 
dono  fit  oight  opooingt  o^unlly  npncod  ofor  tho  circuaforoneo  of  tho  iotorturbino  duct. 

4.  AIB  STSTBKS 

Air,  tnkott  froa  toloetod  ttngon  of  tho  cot^ronnorn  in  utod  for: 

-  cooling,  to  ionulnto  nronn  ngniont  hoot  inflow  froa  coabuntion  to  profont  lonhngo  of 
hot  gnton  froa  tho  anin  ntrona  nnd  to  dinnipnto  hont  froa  tho  turbino  nnnoablion; 

-  nonl  pronturlsing  to  anho  offoctino  tho  elonrnneo  Inbyrinth  typo  tonln  for  oil 
eontninaont  thnt  nro  oaploynd  dtto  to  tho  high  rotntlonnl  nhnft  tpoodn  for  low 
friction; 

•  nnti-icing. 

5.  FUEL  STSTEH/POWEB  CONTROL 

Autoantic  ntnrting,  londlng  nnd  nyochronining  of  tbo  gonoroting  notn  in  entorod  for  io 
tho  donigo  of  tho  fool  control  nyntoan. 

Tho  powor  control  dooo  by  tbo  oloctric  Voodword  gofornor  in  nctuntiog  tbo  fool  flow. 

6.  OIL  STSTEH  DEBBIS  HONITOBING 

Thorn  nro  cortnin  eoaponootn  in  6T  oaginot  c.q.  bonrings,  gonrn,  nplinon  ote.  which 
rolonno  wonr  dobrln  into  tho  ncofongo  oil  flow. 

Thono  eoaponootn  do  not  unuolly  foil  nuddonly.  Thorn  in  n  noranl  period  in  which  wonr 
nnd  fniluro  pnrtielon  nro  rolonnod  ot  n  grontor  rnto  thon  noranl  boforo  netunl  fniluro. 
Ronitorini  nnd  troodini  thin  rolonno  of  wonr  dobrln  eoabinod  with  dobrin 
idontifiention  tochniquon  nllown  dingoonln  of  ii^nding  fniluron. 

Throo  aothodn  of  aonitoring  wonr  dobrin  enn  bo  unod: 

1.  Syntoan  lAich  enpturo  tho  dobrin  nnd  nllow  Intor  ofolontion  nnd  nnnlynin; 

2.  Syntoan  which  count  dobrin  pnrtielon  on  tho  neofongo  oil  pnnnon  through  thoa; 

3.  Annlynin  of  ncofongo  oil  nni^lon  in  o  Inborntory  by  aonnn  of  n  aieroncopo  or 
npoetroantic  nnnlynon. 

Tho  firnt  aothod,  unod  in  tho  inntnllntion  in  Tho  Hoguo,  inelndon  tho  forrogrnph  nnd 
angnotie  plugn  with  tholr  nnnocintod  bnch  np  nyntoan.  Hotollie  dobrin  nro  noporntod 
froa  tho  oil  for  nopnrnto  ovnluntloo  onch  aontb. 

Qunntitntivo  nnnonnaont  in  in  on  Untruaont  plotted  ngninnt  running  bourn  to  aonitor 
ehnngon  in  trondn. 

7.  ADPANCBD  COHTBOL  SISTERS  BASED  Off  DECEffTBALIZED  SISTERS  COIfTBOLLED  BI  A  NICBOPIOCESSOB 

Boforo  tho  70' n  eootrol  nppnrntun  in  powor  gonorntion  eonnintod  of  nopnrnto 
coaponontn,  onch  with  itn  om  npocific  function.  They  worn  eonnoetod  with  copporlondn. 
Thono  inntnllntionn  bod  n  low  nutoaotion  dogroo. 

Ineronning  tho  officioncy  of  tho  powor  gonorntion  noodod  aodoro  control  nnd 
aonitoring,  thun  londing  to  aoro  coaploi  nnd  foluainoun  inntnllntionn. 

For  inforantion  nnd  dntnlogging  eoaputornyntoan  worn  introducod. 
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Tta«  n«it  lotle  ittp  Mt  tb«t  Alto  •x«c«tiTO  fiiaetloftt  mr*  to  bo  ftilfillod  bj  tbo 
eotttrtl  eo^otor  tyttoa.  It  tornod  o«t  that  eottrtlitttioo  it  Difittl  Diroct  Control 
(OOC)  Inttotd  of  tho  orisintl  doeontrolisod  coneopt  ltd  to  vulnortbilitp  of  tbo 
control  eoapntor.  Ono  to  thit  vnlnorobllitp  o  larpt  eontontlonol  boefc-up  wot 
noeeoitory,  throucb  wbieb  tho  Inotollotion  roMinod  tipontiro. 

Tho  dovolopatnt  of  tho  ftiero-oloctrMlct  Modo  it  pottlblo  to  eoabino  in  ono  tjrttM  the 
ndvontotoi  of  digitol  control*  docontroliood  ond  hiororehieol  itructnro  ond 
coneontrotod  dotoloccin(. 

Tho  info-trontmittion  botwoon  tbo  portiol  tytttat  can  furthor»oro  bo  dono  by  o  groetly 
roducod  ttUBbor  of  coblo  coanoctlont. 

Tho  coMunieotion  botwoon  won  ond  tyttoa  for  Inforaotion  at  wol  at  for  control  U  dono 
coneontrotod  via  ditplayt  and  functional  koyboardt. 

7.1  HIEKAKCHICAL  DKCBMTRALIZBO  CtMfTKOL  STSTDIS 

Inatoad  of  an  "autoaotlon-itland*  whom  all  funetlont  of  an  inttallation  art  attoablod 
in  ono  outarhtlc  autoaation  tytto*  it  it  pottlblo  to  roallto  tho  toat  aroilobility  and 
network  aocurity  at  in  eonvontionol  aytttat  by  aoant  of  a  doeontralitod  tyttoa  with 
dlfforont  alsorithat  located  in  aieroprocotaor  bated  digital  regulatory  unit 
eontrollort  per  function.  High  reliability  and  flexibility  are  pottlblo  and  at  an 
extra  odtantogo  low-volutw  fiold^irtng  oecuret.  (PIG.  4) 

Parallel  eoaaunieatlon  patbt  for  gathering  tho  procott-data  and  control-actiont  at 
well  at  torial  coaBunleaCion  potht  for  autual  coMiuoleation  of  tho  au toat tiontyt toat 
and  with  productifo  control  and  obtoroatlon  tytteat  are  pottlblo.  (PIG.  5) 

The  cMiponontt  of  the  utod  Tolopora  M  tyttoa  are  in  general: 

Automation  tubtyttoa  AS  220  for  monitoring,  regulating,  computation  and  control; 
Operating  aubayttemt  OS  2S0  and  OS  2SI  for  procett  aonitoring  and  handling; 

Coupling  (but)  tyttoa  CS  27S  for  dototrantaittioo  botwoon  tho  tubtyttoat. 

Tho  Automation  Subtfttoa  AS  220  contittt  of  the  batic  unit  and  the  extention  unit.  The 
batie  unit  ccuipritet  a  power  tupply.  the  central  micro^prograaned  procettor  (16  bit 
telegram,  60  k-byte  memory  (ntOS^SAH)  and  connection  to  control  unit  (monitor  ditplay 
and  keyboard),  butayttoa  CS  27S*  mini-floppy  ditc  and  recorder  printer. 

The  Oooratina  Suberttea  OS  2S0  (and  OS  2S1)  hat  communication  by  alphanumeric  tlgnal 
and  thormooeter  indication  on  the  ditplay  while  control  can  be  done  by  a  procett 
control  keyboard  connected  with  an  alphanumeric  keyboard.  Signalt  ritible  on  the 
ditplay  can  alto  be  printed  via  a  hard  copy  unit. 

Tho  ttation  it  connected  to  the  buttyttea  CS  27S  in  order  to  activate  teveral 
autooatioo  tubtyttoat  A220  tiaultaneoutly. 

Subtyttom  OS  2S1  hat  tho  pottibillty  to  an  extensive  procett  control  and  aonitoring 
and  can  bo  connected  to  teveral  autcnaatlon  subtystemt  over  the  buttyttea. 

The  batic  unit  comprites  a  powerful  central  part  and  connectiont  to  buttyttea, 
keyboard,  display,  mini-floppy  ditc,  printer  and  analog  recorder. 

Perception  it  pottible  in  a  hierarchical  4  type  standard  survey  tystea; 

Plant  survey; 

Overall  survey,  aonitoring  the  procett; 

Group  survey,  for  operation; 

Circuit  survey,  for  tracing. 

The  screen  is  divided  in  different  parts,  each  picture  having  the  overall  heading 
repeated  while  the  working  part  below  that  head  due  to  the  cell  it  changed  and  showing 
other  information. 

In  PIG.  6  tbit  hierarchical  systM  is  shown. 

The  group  survey  f.i.  can  show  simultaneously  8  circuits  at  the  most  (regulating, 
measuring,  binarysignal  etc.)  which  It  done  for  all  groups  in  standard  signals. 

Thus  3.072  circuits,  384  groups  and  12  overall  surveys  can  be  shown. 

The  circuit  survey  la  repeating  a  certain  circuit  from  the  group  survey,  adding 
parameter  and  trend  developments  in  graphics  or  numerically. 

The  control  of  the  OS  251  is  preferebly  done  with  the  luminous  pin  or  the  control 
keyboard.  Galling  of  pictures  or  info  is  done  by  tipping  names  end  signals.  Process 
control,  changing  setpoints  or  on/off  switching  can  only  be  done  in  group  picturea  and 
circuit  pictures. 

The  coupling  Bussvstem  CS  27S  has  communication  tasks:  data  tranamisaion  between  the 
automation  systems  and  coordinating  and  managing  the  detaflow.  Normally  in  powerworks 
there  is  a  large  dlatance,  also  functionally,  between  the  eutomation  systMU,  this  is 
not  the  ease  in  our  works. 

The  bossystem  of  2  coaxial  cablet  itself  has  no  central  systems.  Its  transmissionspeed 
25  k-bit/s  (long  distance).  Each  "connection"  can  gat  a  masterfunction,  which  can  be 
done  with  time-out  on  call,  or  ordered  with  priority. 
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Tb«  b««ic  coapOBMt*  of  tho  boBBjitos  aro  tBo  iotorfaeot  aa4  aoeoadary  buaajataa.  that 
la  eoaaoetlat  tbo  aotaaatloaaratoA  aad  tba  proeaiaeooiMitor  SioMaa  t  30  typo. 

A  ■ailMOi  of  16  eoanoctloaa  for  tbo  aooaatfarjr  ayataa  la  poaalbla.  tbo  total  of 
atatioaa  eao  bo  2S6. 

Tho  iaduetifo  iatorfacoa  eoaaiat  of  a  traaosittor*  a  rocoivor,  disital  oloctroaica  aad 
poworaapply. 

Paalta  that  oeear  ia  tho  elrealt  of  a  cMBoctod  ayatoa  eaa  aot  bo  traaaailttod  to  tbo 
baa. 

Tho  iatorfacoa  havo  a  traaaaiaaioa  rato  of  2,4  h-blt/aoc  to  tbo  baa.  A  traaafor 
oloaoat  ia  4-9  hit  broaght  totothor  la  a  aait  tolotraa.  Haator  traaafor  oooda  300 
aiiero  aoe.,  aailMi  loatth  of  a  tolocraa  129  h-byto. 

Tho  ayatoB  eoaficuratioa  ta  citoa  la  PIG.  1  eoaalatiaa  of  a  aui^r  of  aubaystoao 
having  eapaeitioa  attaaod  to  oath  othor. 

7.2  DhTA  ACQOISITIOISTSTni 

Tbo  oporator  eaa  got  a  groat  lot  of  informatioa  and  alueidatioa  through: 

.  alanuignala 
.  lifo-proeoaa  dlagraaa 
.  offieioaey  figuroa 
.  atartaoGooaco 
.  troadgraphlea 

.  ovoata  aoqaoaeo  printing  faalta 

Tho  aiaultaaooua  laforaation  of  a  groat  nuabor  of  eoaponanta  onabloa  autual  during 
toata  and  fault-analyaia. 

To  aot  up  furthor  aaintonaneo  philoaophy  roeording  of  running  boura  voraua  avonta  la 
an  iavortaat  holp. 

Tho  atorago  of  difforont  eritoria  aad  data  for  longer  porioda  by  diaea  onabloa  a 
guiefcor  chock  of  long  tom  dovolopaaata.  In  tho  paat  it  waa  noarly  iiq>oaaiblo  to  have 
tho  aoM  nui^r  of  data  (in  a  roaaonablo  tiao). 

Tho  anat  ia^rtant  condition  ia  that  tbo  aoftwaro  ia  of  a  good  quality. 

8 .  BXPKRIKHCBS 

Tolopom  control  ayatoa 

Tho  firat  poor  of  oporation  vaa  noodod  for  tho  poraonnol  to  got  totally  uaod  to  tbo 
now  philoaophy  of  thia  way  of  control.  Oneo  uaod  to  it  tho  oporatora  bocam 
onthualaatic  about  tho  ayatoa.  tflth  tho  aapplior  of  tbo  ayatoa  a  liaitod  fault 
abolition  contract  for  tho  hardwaro  ia  agrood.  Pow  faalta  occorrod  and  tboy  woro 
noarly  alwaya  adoduatoly  aolvod. 

A  groat  doal  of  iaforaatioa  ia  availablo  and  it  tan  bo  of  groat  iaportaneo.  iow  and 
than  ovon  to  auch  info  can  bo  anppllod. 

la  practico  it  turnod  out  that  tho  groat  numbor  of  data  ia  confoaing  and  tboroforo 
eatogorioa  havo  to  bo  introdueod  indicating  tbo  dogroo  of  nrgoncy  of  faulta  o.g.: 

Catogory  1:  Orgont.  roportod  without  dolay 

Thoao  aignala  occur  whon  tho  procoaa  procooding  la  obatructod  or  a  trip  of  tho  ongino 
eao  bo  oipoctod. 

Catogory  2:  IsSSiSSi*  roportod  autoaatically  whon  catogory  1  ia  roeolptod 

Thoao  aignala  aecur  to  infom  tho  noccoaaity  for  action  to  avoid  furthor  diffieultioa 

and  tho  poaaihility  to  boeoaa  catogory  1. 

A  catogory  3  can  bo  uaod  to  draw  attontion  to  cortaio  iaporfoctiona,  aftor  having 
aolvod  tbo  othor  two  eatogorioa. 

9.  COHCLDSIOH 

.  Tho  priaary  procoaa  ayatoa  of  tho  eo^inod  cyclo  la  an  officiant  and  roliablo  way  of 
oloctrielty  and  boat  production. 

.  Tho  autoaatlon  by  aaana  of  tbo  doacribod  control  and  aonitoring  ayatoa  tumod  out  to 
bo  roliablo. 

.  Tho  data  acquiaition  ayatoa  can  givo  a  groat  nnabor  of  data,  which  ia  vary  iaportant 
during  fault  aolving. 

10.  ACPnVLKDGIHINT 

Bicopt  for  tho  oxporioncoa  of  tho  ataff  of  tho  Production  Dopartaont  alao  aoao 
auppllora'  publieationa  woro  of  groat  holp  in  coapoaing  thia  papor. 
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SURVEY  PICTURE. 

Areas 

(survey  of  groups). 

PICTURE  OF  GROUP. 

Group. 

PICTURE  OF  CIRCUIT, 

Cirtuif, 


Fig.  5;  Hierarchy  operating  station  OS  251 


Fig.6:  Total  hierarchical  control  and  monitoring  system. 
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DISCUSSION 


H.  SAVARANAMUTTOO 

1.  Is  it  possible  to  run  the  systea  with  one  gasgenerator  shut  down 
for  planned  naintenance? 

2.  How  oany  oan  are  required  to  operate  the  system  and  is  it  possible 
to  operate  unmanned? 

Author's  Reply: 

1.  The  unit  with  only  one  gasturbine  and  the  steamturbine  in  service 
can  produce  half  the  power  of  atM>ut  ^  MW  electrical  and  40  MW  thermical 
This  was  deliberated  designed  to  have  the  possibility  to  keep  upright 
energy  supply  at  least  partially  during  maintenance  or  failure. 

2.  Fully  automatical  service  is  possible.  Due  to  the  fact  that  for 
other  reasons(for  instance :load~management  and  other  apparatus  control) 
personnel  is  present  the  full-^automation  is  only  used  for  processes 

of  parts  of  the  unit.  Normally  three  men  are  present. 

H.  SCHLUETER 


1 .  Is  in  depth  performance  analysis  performed  to  detect  incipient  engine 
problems? 

2.  Is  long  term  performance  monitoring  performed  in  order  to  assist 
optimum  engine  operation,  planning  of  maintenance  actions  and  long 
term  system  control? 

Author's  Reply: 

1.  Indeed,  analysis  of  deviations  is  made  to  check  engine  performance 
In  service. 

2.  The  data  obtained  are  used  to  optimise  operation  and  for  planning 
actions  on  long  term  control.  This  is  only  used  in  our  works  with  its 
own  performance  as  unit  for  combined  electricity  and  heat  production. 
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IMPUCATION  DE  L*AVIONNEUR  DANS  LE  SUIVl  DES  PERFORMANCES  DL  MOTEUR 


par 


A.Vieillard 

Aerospatiale  —  Aircraft  Division 
Toulouse 
France 


The  experience  acquired  by  Aerospatiale  in  the  Airbus  and  ATR  programs  has  highlighted  the  necessity  for  the  aircraft 
manufacturer  to  be  associated  with  E.C.M.  system  implementation. 

The  aircraft  manufacturer  will  thus  be  more  involved  as  regards: 

—  the  acquisition  of  information  on  the  design  of  airborne  systems  (AIDS)  and  validation  of  measurement  systems  on 
the  basis  of  flight  tests; 

—  the  use  of  information  to  ensure  the  consistency  of  and  engine  models  used  by  the  aircraft  the  engine  monitoring 
systems  and  familiarity  with  the  E.C.M.  system. 

The  predictable  growth  of  this  performance  monitoring  activity  will  necessitate  closer  coordination  with  the  engine 
manufacturers  and  airlines,  the  objective  still  being  to  quantify  the  deterioration  of  each  aircraft  "sub-assembly",  i.e.:  the 
engines,  the  airframe  and  their  respective  components. 


L'exp^rience  acquise  par  TAerospatiale  dans  les  programmes  Airbus  el  ATR  a  mis  en  evidence  la  necessite  pour 
I’avionneur  d'etre  as^socie  a  la  mise  en  oeuvre  des  systemes  d’^ECM". 

Ainsi,  ce  dernier  sera  de  plus  en  plus  implique  pour  ce  qui  conceme: 

—  L’acquisition  de  I'information  dans  la  definition  des  systemes  embarques  (AIDS)  et  dans  la  validation  des  chaines  de 
mesure  k  partir  des  essais  en  vol. 

—  L'utilisation  de  I'information  pour  s'assurer  de  la  coherence  des  modeles  moteur  utilises  par  les  systemes  de  suivi  du 
moteur  et  de  I'avion  et  pour  se  familiariser  avec  le  systeme  ECM. 

L'accroissement  presibie  de  cette  activite  de  suivi  des  performances  necessitera  une  coordination  de  plus  en  plus  etroite 
avec  les  motoristes  et  les  compagnies  aeriennes,  Tobjectif  restant  de  quantifier  la  degradation  de  chaque  sous-ensemble  de 
I'avion  a  savoir  les  moteurs,  la  cellule  et  leurs  composants  respecti^. 


PREUMINAIRE 

Cette  presentation  foumit  les  principaux  centres  d'interet  de  I'avionneur  Aerospatiale  dans  le  suivi  selon  I'etat  des 
moteurs.  D  est  tout  a  fait  clair  que  les  programmes  de  suivi  moteur  sont  et  restent  de  la  responsabilit^  du  motoriste. 

11  faut  egalement  rappeler  que  I'Aerospatiale  intervient  en  tant  que  partenaire  dans  les  programmes  Airbus  et  ATR. 

Les  differents  chapitres  abord^  sont: 

Au  cours  de  la  phase  de  developement  de  I'avion  avec: 

Les  etudes 
Les  essais  en  vol 

Puis  I'activite  de  suivi  en  comp^nie. 

INTRODUCTION 

Dans  I’aeronautique  civile,  ce  sont  les  compagnies  aeriennes  qui,  pour  repondre  a  leurs  besoins,  on  ete  motrices  pour  le 
d^eloppement  des  syst^es  embarqu^.  Si,  dans  un  premier  temps,  Pavioimcur  n’a  fwt  que  repondre  li  une  demande  pour  tous 
les  avions  developp^  depuis  I'Airbus  A3 10,  le  systeme  de  bord  fait  parti  de  la  definition  de  I'avion  en  tant  qu'option 
constnicteur,  en  collaboration  avec  les  compagnies  aeriennes,  les  fabricants  de  moteur  et  I'avionneur. 


Le  moteur,  par  ces  contraintes  de  fonctionnement  est  plus  sensible  a  la  deterioration,  ce  qui  expltque  qu'ils  aient  ete 
surveille  prioritairemenL 

Le  moteur  est  un  element  fondamental  de  I'avion,  il  Test  aussi  de  sa  modelisation,  les  performances  de  I'avion  sont  liees  a 
celle  du  moteur. 

1.  DURANT  LA  PHASE  DE  DEVELOPPEMENT 

•  La  qualite  de  I'analyse,  est  fonction  de  la  pr^sion  et  de  la  repetidvite  de  Tacquisition  des  parametres. 

•  Les  programmes  permettant  de  discriminer  la  contribution  des  modules  demandent  une  instrumentation 
importante. 

•  Afin  de  beneficier  au  mieux  de  Tinteret  des  programmes  existant,  il  est  necessaire  d'avoir  une  mise  en  forme  et  une 
transmission  rapide  des  informations. 

Ce  sont  autant  de  taches  qui  ne  peuvent  etre  assurees  que  par  un  systeme  automatique. 

L’AIDS  (Airborne  Integrated  Data  System)  est  apparu  avec  TAirbus  A3 10.  Il  est  devenue  une  option  standard  sur 
TAirbus  A320  (Voir  figure  1 ).  Il  en  sera  de  meme,  avec  une  autre  appelation,  sur  les  Airbus  A330  et  A340.  Son  role  est  de 
permettre  le  suivi  des  moteurs,  de  TAPU  (Auxiliary  Power  Unit)  et  des  performances  de  I’avion.  Il  collecte,  valide,  convertit  en 
unit^  ingenieur,  met  en  form  et  emet  les  informations  qui  seront  util^ees  par  les  programmes  au  sol. 

L'AIDS  se  compose  d'un  calculateur  central,  (e  DMU  —  Data  Management  Unit  —  qui  gere  les  informations  a  I’aide  des 
fonctions  suivantes: 

•  Detection  des  phases  de  vol 

•  Filtrage  des  dormees 

•  Detection  des  depassements,  des  phases  stables 

•  Declenchement  de  I’enregistreur  continu  le  DAR  —  Direct  Aids  Recorder 

Le  DMU  inclut  2  OBRM  (On  Board  Replaceable  Module)  contenant  le  logiciel  qui  peut,  ainsi  etre  facilement  remis  a 
jour.  Ces  informations  sont  mises  sous  forme  de  rapports  qui  sont  transmis  a  Timprimante  ou  au  sol  par  data  link.  Les  valeurs 
qui  gerent  le  dwlenchement  des  rapports  peuvent  etre  modifiees  via  le  MCDU  —  Multi  Purpose  Control  and  Display  Unit. 

Les  principaux  rapports  pour  le  moteur  sont  la  phase  croisiere  stabilise,  ie  decollage,  la  divergence  des  parametres.  le 
demarrage. 

De  meme  les  commutters  comme  les  ATR  42  el  72  ont  un  systeme  complet,  (voir  figure  2)  developpe  avec  la  SFTM. 
comprenant  a  bord  de  I’avion,  un  FDAU  Flight  Data  Acquisition  Unit  —  qui  selectionne  et  stocke  les  parametres  moteurs  et 
avions. 

Le  transfer!,  entre  I’avion  et  la  station  sol,  est  assure  par  une  valise,  terminale  portable,  qui  permet  aussi  d'aller  interroger 
les  memoires  du  FDAU. 

Un  logiciel  sol  a  ete  fait  pour  stocker.  sur  IBM  PC,  les  donnas  et  assurer  le  transfert  automatique  des  informations  du 
rapport  croisiere  au  logiciel  de  “Trend  Monitoring”  de  PW  CANADA,  I’ECTM  (Engine  Condition  and  Trend  Monitoring). 

Ce  systeme  permet  I’acquisition  de  4  types  d’informations 

•  Le  rapport  d’evenement  genere  sur  demande. 

•  Le  rapport  de  croisiere  stabilise. 

•  L’acquisition  des  depassements  en  niveau  et  en  temps 

•  L’acquisition  du  temps  de  fonctionnement  du  moteur. 

A  titre  d’exemple,  sur  la  figure  2A,  on  peut  comparer  la  qualite  du  Trend  Monitoring  entre  I’enregistrement  manuel  et 
celui  obtenu  par  le  systeme  Mini-Aids  sur  All<.  L'interpretation  des  tendances  reste  Tune  des  phases  delicates  et  pour  laquelle 
il  est  envisage  de  developper  des  outils  d’aide  I  I'analyse. 

n  faut  noter  que  la  quasi  totalite  des  avions  vendus  par  Airbus  et  ATR  sont  ^uip^  de  I’AIDS. 

2.  DURANT  LES  ESSAIS  EN  VOL 

Les  essais  en  vol  permettent  de: 

•  Valider  rinstrumentation  qui  sera  utilise  en  service 

•  Verifier/adapter  les  crit^es  utilise  pour  la  g^eration  des  rapports 
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•  s'assurer,  point  important,  de  la  coherence  des  modeled  moteurs  qui  sont  utilises  par  les  programmes  motoristes  et 
avionneurs 

•  Se  familiariser  avec  les  programmes  de  suivi  moteur  utilise  par  les  compagnies  clientes. 

2.1  La  valMatioa  de  racquisition  des  paramities 

Les  essais  en  vol  foumissent  I’occasion  de  comparer  I’instrumentation  utilise  par  les  programmes  d’ECM  avec 
I'instrumentation  etalonnw  d’essais  en  vol.  Durant  ces  comparaisons,  nous  nous  sommes  aper^us  que  le  positionnement  des 
capteurs,  notamment  les  pressions  et  temperatures  pouvaient  affecter  a  la  fois  le  niveau  et  la  pente  des  resultats  obtenus.  Les 
d^ormations  des  profils  aerothermodynamiques  en  sont  la  cause.  I!  est  important  de  le  savoir  puisque  les  modelisations  du 
groupe  propulseur  sont  bites  a  partir  de  I'insttumentation  d'essais  en  vol.  valeurs  releves  restcnt  generalement  minimes. 

A  titre  d’illustration  la  figure  2B  montre  le  N2  releve  sur  2  moteurs  CF6-80C2  d'essais  en  vol. 

2.2  La  ddfinition  des  criteres  de  gindration  des  rapports  AIDS 

Les  essais  en  vol  permettent  en  outre  de  s'assurer  de  la  coherence  des  fenetres  utilise  pour  la  selection  des  rapports  de 
phase  croisiere. 

Les  series  de  decollage,  qui  identifient  revolution  des  parametres,  foumissent  I'occasion  de  definir  le  critere  le  plus 
judicieux  pour  I'enregistrement  du  rapport  decollage.  Ce  critere,  ayant  pour  but  de  releve  le  “Peak"  d'EGT  est,  sur  les  deraieres 
motorisations,  un  temps  a  partir  de  la  mise  en  poussee  ou  au  passage  a  une  vitesse  donnee  (SO  secondes  apres  80  KTS  pour 
rA320  equipe  de  CFM  S6-SA).  De  meme  il  est  possible  de  foumir  des  valeurs  par  defaut  qui  definissent  les  seuils 
d’avertissement  pour  les  rapports  de  divergence,  ou  de  recommander  des  temps  de  sequence  pour  I'acquisition  des  rapports 
d'evenements. 

Pour  les  criteres  de  stabilisation  en  croisiere,  et  compte  tenu  des  essais  en  vol  qui  se  font  dans  des  conditions  tres 
specifiques,  une  etude,  bas^  sur  des  enregistrements  continu  (DAR)  provenani  de  vols  en  service  a  ete  faite.  Elle  portait  sur  42 
heures  de  croisiere  representant  33  vols  d’une  durra  allant  de  5  minutes  a  3  heures.  Cette  etude  avail  pour  but  de  definir  des 
criteres  coherents,  du  rapport  croisiere,  de  declenchement. 

La  figure  3  montre  pour  3  criteres  de  stabilite  le  nombre  de  rapports  croisiere  que  Ton  peut  obtenir  sur  des  vols  en  service. 
Le  point  dimensionnant  est  d'obtenir  des  rapports  pour  les  vols  court  courrier. 

La  figure  4  fait  apparaitre  I'effet  du  temps  pour  lequel  la  stabilisation  est  demand^.  Chaque  subframe  correspondant  a  20 
secondes. 

Au  cours  de  cede  etude,  nous  avons  pu  egalemeni  noter  la  tres  bonne  correlation  qui  existe  entre  les  parametres  moteurs. 
Les  criteres  de  stabilite  ainsi  determines  seront  utilises  sur  rA320. 

2.3  La  coherence  des  modules  moteurs 

Les  modeles  moteurs  sont  utilises  par  I’avionneur  dans  ces  programmes  de  performances  et  par  le  motoriste  dans  ces 
progranunes  de  suivi.  Pour  eviter  qu'une  analyse  faite  selon  le  programme  de  suivi  des  performances  avion  ou  de  suivi  moteur 
soil  incoherente,  il  est  necessaire  d'assurer  la  similarite  des  modeles  moteurs.  L'evolution  des  moteurs.  notamment  les 
regulations  affin^  par  les  FADEC  rendent  ces  modeles  de  plus  en  plus  complexes. 

3.  FAMILIARISATION  AVEC  LES  PROGRAMMES  D’ECM 

Un  autre  aspect  est  de  se  familiariser  avec  les  programmes  de  suivi  du  moteur.  C'est  pourquoi  nous  avons  installe  et  evalue 
le  PW  TEAM  m  (Turbine  Engine  Aids  Monitoring)  d'analyse  modulaire  pendant  les  essais  en  vol  du  PW4000.  De  meme  le 
programme  GEM  (Engine  Condition  Monitoring)  devrait  etre  utilise  avec  les  essais  de  rA320  CFM56-5.  Le  COMPASS 
(Condition  Monitoring  and  Performance  Analysis  Software  System)  suivra  la  meme  voie. 

Les  programmes  COMPASS,  GEM  et  TEAM  m  sont  des  programmes  permettant  I'analyse  modulaire  des  moteurs. 

Si  les  essais  en  vol  permettent  d'explorer  tout  le  domaine  de  vol  avec  une  tres  bonne  precision,  c’est  avec  un  Khantillon 
limite  (de  I’ordre  de  150  points  de  croisiere)  et  pour  un  temps  restreint.  Ds  ne  permettenn  pas  de  couvrir  les  phenomenes 
inherents  au  vieillissement. 

4.  L’ACnVITEDE  SUIVI  ENCOMPAGNIE 

Pour  les  ATR  un  groupe  de  travail  a  ete  cree.  Une  des  activites  de  ce  groupe  est  de  suivre  et  d’ameliorer  le  systeme  existant 
de  Trend  Monitoring.  Ce  groupe  est  compose  de  representants  des  compagnies  du  motoriste  et  de  I'avionneur.  Pour  Airbus 
Industrie,  c'est  essentiellement  du  suivi  des  diSerentes  activity.  D  poit  s'agir  aussi  repondre  k  des  demandes  sprafiques. 

Lorsque  des  deteriorations  de  performance  sont  releves,  il  est  necessaire  de  pouvoir  determiner  la  contribution  de  la 
cellule  et  du  moteur.  Cest  un  exercice  toujours  delicat.  La  poussee  du  moteur  et  la  trainee  de  I'avion  sont  tres  difficile  k 
dissocier. 
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CONCLUSION 

En  conclusion,  I’avionneur  est  et  sera  de  plus  en  plus  implique  dans  les  systemes  de  suivi  selon  I'etat  par: 

•  La  definition  de  I’avion  et  I'integration  des  moteurs. 

•  L'interet  grandissant  dans  les  aspects  de  perfonnance  et  le  lien  direct  entre  le  suivi  des  performances  du  moteur  et  de 
I’avion. 

•  Rapports  de  suivi  qui  seront  utilises  conune  source  d'infomiation  pour  la  maintenance. 

Le  propos  de  I'avionneur  est  d’etre  en  mesure  de  repondre  aux  demandes  des  compagnies  et  d'assurer  une 
communication  tri-partite  fructueuse  entre  les  compagnies,  les  motoristes  et  I'avionneur. 
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FlOO-PW-220  ENGINE  MONITORING  SYSTEM 

By 

Dennis  A.  Myers  end  G.  Williem 
Pratt  A  Whitney 
P.O.  Box  109600 

West  Palm  Beach,  Fl(Mida  33410-9600 


FOREWORD 

This  dlKuision  reviews  the  devek^Mnem  and  operational  experience  of  the  FtOO-PW-220  Engine  Monitoring  System  currently  in  service 
with  the  United  States  Air  Force  and  ocher  national  defense  air  forces  utilising  the  FlOO-PW-220  engine  and  its  derivatives. 

INTRODUCTION 

The  F100-PW-220  Ermine  Monitoring  System  (EMS)  is  one  of  the  most  advanced  logistics  tuppon  toob  in  productum  for  the  Pratt  A 
Whitney  FlOO  bmily  of  gas  turbine  engines.  The  highly  successful  imroduction  of  the  PW-220  EMS  represents  over  ten  yean  of  diagnostic  system 
and  maintenance  technology  devetopnem  using  the  latest  in  aerospace  electronic  component  design  and  digital,  engine  control  system 
Imptementation.  The  PW-220  EMS  is  a  comprehensive  engine  support  system  that  »  fully  integrated  with  in-fU^  aircraft  operating  syAems.  as 
wen  as.  ground-based  maintenance  and  logistics  systems. 

BACKGROUND 

The  PW-220  EMS  was  developed  by  Pratt  A  Whitney  and  Hamilton  Standard,  both  of  United  TechitUogies  Corpemion.  in  conjunction 
with  the  FlOO  Digital  Electronic  Engine  Control  (DEEC).  for  the  Aeronautical  Systems  Division,  Air  Force  Systems  Command,  USAF.  Many  of 
the  PW-220  EMS  hardware  and  monitoring  concepts  were  derived  horn  an  earlier  development  system,  known  es  the  FlOO  Engine  Diagnostic 
System  (EDS).  t«4uch  ecquired  over  2500  flight  hours  of  q>erational  testirtg  with  FlOO-PW-lOO  enginei  in  USAF  F-15  aircraft.  Experience  from 
the  initial  FlOO  production  engine  monitor,  the  Events  History  Recorder  (EHR),  also  contributed  to  engine  usage  algorithms  for  the  PW-220  EMS- 
The  "lessons  teamed”  from  these  early  efforts,  along  with  the  improved  data  acquisition  and  self-testing  capabilities  of  the  DEEC  system,  provided 
the  basis  for  development  of  an  effective  diagnostic,  maintenance  and  lo^stic  support  system. 

PW-220  EMS  development  began  in  April  1982  and  achieved  an  interim  milestone  with  first  production  deliveries  in  November  1985. 
Engineering  work  continued  throu^  November  1987  to  iiKorporate  additional  aircraft  integration  aitd  logistics  database  compatibility  features. 
System  growth  and  improvements  are  an  on-going  effort,  as  field  experience  is  accumulated. 

SYSTEM  OBJECTIVES 

The  primary  objective  of  the  PW-220  EMS  is  to  provide  iitftMination  to  assist  in  identifying  fauhy  engine  control  system  components, 
detecting  and  documenting  engine  operatkxi  beyond  acceptable  limits,  recording  normal  engine  usage,  and  tracking  engine  performartce. 
Encompassed  in  (his  single  objective  a  redesign  goals  which  include:  1)  Fully  automatic  in-flight  operation.  2)Elecm>nic  data  transfer  to  aircraft 
and  ground  systems,  3)  No  off-engine  mounted  flight  components.  4)Modular  component  design  for  eithanced  system  maintenance,  5)Minimum 
dedicated  fli^t  sensors,  6)  Field  upgradaMe  software  and  flightUne  reprogrammability,  and  7)  Engine  and  aircraft  interchangeability. 

For  the  maintenance/logistics  user,  achieving  the  sysmm  objectives  mearts  fewer  maintenance  actioru,  fewer  maintenance  man-hours 
expended,  fewer  on-s((e  spares  required,  increased  roaimeruince  effectivertess  and  increased  engine/eircraft  availability.  For  the  operational  user 
(pilot),  a  reliable  EMS  provides  beaer  real-time  analysis  of  propulsion  system  integrity,  higher  probability  of  successful  mission  completion,  and  an 
overall  reduced  cockpit  workload.  For  the  engineer,  the  PW-220  EMS  provides  in-flight  operational  dau  automatically  or  on  pilot  request,  without 
adding  extensive  instrumentation  aiKl  spedaUzed  recording  eqtupment;  however,  unlike  earlier,  less  successful  attempts,  the  PW-220  EMS  is 
designed  for  maintenance  support  first,  end  engineering  dau  acquisition  is  accomplished  as  a  sectmdary  benefit. 

SYSTEM  DESCRIPTION 

The  PW-220  EMS  is  comprised  of  five  subsystems  (Figure  1).  There  are  two  engirte  mounted  units:  1)  the  digiul  control.  DEEC,  and  2)  a 
dedicated  engine  monitor  designated  the  Engine  Diagnostic  Uiut  (EDU).  Two  grouiMl  st^port  units  are  used  for  flight  line  end  uninsuUed  engine 
test  stand  operations:  1)  the  Dau  Collection  Unit  (DCU).  and  2)  the  Engine  Analyzer  Unit  (EAU).  The  fifth  subsystem  is  the  link  to  the  user's 
engine  logistics  daubase  sysiMii;  in  the  USAF.  this  imerbee  is  called  the  Ground  Sution  Unit  (GSU). 

Digital  Electronic  Engine  Control  (Figure  2) 

During  engine  operation,  whether  insuUed  in  an  aircraft,  or  a  stand-alone  test  cell,  the  DEEC  continuously  transmits  engine  parametric 
and  control  system  fault  dau  to  the  EDU  across  a  simplex,  serial  digital  CMnmunication  bus,  at  the  rate  of  9600  bits  per  second.  Approximatel/  300 
individual  pieces  of  inforinatuMi  are  transmitted  every  250  milliseconds. 

In  the  process  of  controlling  the  engine,  the  DEEC  is  measuring  and  evaluating  umperaiures,  pressures,  speeds,  portions  and  interface 
conditions  to  mainuin  suble,  safe  operation  in  response  to  the  irikx's  power  lever  or  discrete  input  commends-  If  a  failure  is  detected  in  the 
internal  electronics  of  the  DEEC,  or  in  the  sensor  input  circuits,  Of  the  DEEC  is  unable  to  mainuin  control,  automatic  fault  accommodation  ukes 
place  to  regain  control  or  operate  in  a  degraded  capacity.  The  resulting  fauh  dau  » transmitted  to  the  EDU  In  the  form  of  an  eight  bit  "Fauh 
Code”,  for  each  failure. 

Engine  Diagnostic  Unit  (Figure  3) 

The  EDU  performs  a  passive  function  as  an  electrical  junetk^  box,  routing  analog  electrical  signals  to  the  aircraft  for  display.  In  tu  active 
rt^.  the  EDU  operates  cm  a  basic  comptttational  cycle  determined  by  the  update  rau  of  the  dau  being  received  ftom  the  DEEC;  ie..  250 
milliseconds  or  four  times  per  second.  Whhin  the  nominal  compute  C)^.  the  EDU:  1)  receives  serial  dau  from  the  DEEC.  2)  conditions  and 
measures  the  analog  cockpit  s^nals  ,  3)  evaluates  the  Integrity  of  the  dau  acquired.  4)  executes  &  pre-deurmined  diagnostic  logic  sequence,  5) 
records  in  non-vobtile  memory  the  fault  codes  fttmi  the  DEEC.  dau  exceptions  identified  bom  the  logic  execution  and  daU  from  the  engine  usage 
algorithms,  6)  performs  a  comprehensive  internal  electronic  self-test,  7)  responds  to  high-speed  digiul  communications  fttmi  aircraft  dau  systems, 
8)  generates  a  real-time  serial  digiul  dau  transmission  for  off-engine  acquisitkm  systems,  and  9)  activates  aircraft-mounted  engine  sutus 
indicators,  «4>en  butts  are  detected. 
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DftU  Coll«ctioa  Uait  (Figure  4) 

On  the  the  DCU  is  used  by  the  eircraft  Uppon  techoican  to  retrieve  and  review  Qi^  dau  recorded  in  the  EDU.  The  pcvtable. 

battery-operated  DCU  is  connected  by  means  of  an  integral  cable  assembly  to  a  readily  accessible  engine  harness.  By  following  the  menu-driven 
instructioTM  diq>byed  on  the  hand-held  unit,  the  operator  automatically  downloads  the  recorded  dau  into  non-volatile  memory  devices  housed  in 
a  removable  cartridge  within  the  OCU.  Electrical  power  for  the  EDU.  during  the  30  second  download  operation,  is  provided  by  the  removable  DCU 
battery  pack. 

If  the  engine  sutus  indicators,  located  in  the  aircraft,  are  tripped  denoting  faults  detected  during  the  fU^t,  the  technician  may  choose  to 
review  the  fault  codes  and  event  dau  rectvded.  The  DCU  will  also  evaluate  the  combinations  of  reported  faults  against  an  iiuemal  set  of  engine 
troidile  shooting  logic,  and  diq>lay  a  “maintenance  code*,  which  is  referenced  to  the  detailed  maiiuenance  instructions  needed  to  isolau  and 
correct  the  foult.  Normally,  a  tingle  DCU  wkh  a  fully  charged  battery  pack  and  a  clean  memory  cartridge  has  sufficient  capacity  to  service  a 
coa^>lete  squadron  of  aircraft. 

Engine  Analyser  Unit  (Figure  5) 

When  an  engine  fault  has  been  detected  and  the  DEEC  or  EDU  may  be  suq>ect,  the  EAU  it  used  to  assist  in  fault  isoiatkMi.  WiUi  access  to 
the  underside  of  the  engine,  special  dreuk  simulators,  stored  on  the  EAU.  are  substituted  for  the  itormal  electrical  inurfaces  on  the  DEEC.  Duplex 
serial  communication  is  esublished  between  the  DEEC  and  EAU.  and.  once  again,  by  foUowirtg  the  naenu-driven  instructions,  the  operator 
performs  a  comfrfete  check  of  the  DEEC,  executed  by  means  of  temporary  diagnostic  programs  uploaded  automaticaUy  from  the  EAU.  The 
pass/fail  results  displayed  to  the  technician  either  confirm  the  tocatfor.  of  the  fauft  within  the  DEEC.  or  direct  further  troidrleshoocing.  A  wmiiar 
capability  exists  to  test  the  EDU,  and  the  EAU  can  be  used  to  perform  all  the  dau  retrieval  functions  of  the  DCU.  except  non-volatile  dau  storage. 

Although  the  EAU  requires  an  external  electrical  power  source,  k  does  supply  conditioned  power  to  the  DEEC  and  EDU.  when  under  test, 
to  permit  crouble-sboocing  without  engine  operation.  If  the  fault  isolation  procedures  do  require  engine  operation,  or  for  post-repair  operational 
verifleatloo  tesdiig.  the  EAU  may  be  used  as  a  real-time  monitor  and  display;  dau  freun  the  DEEC,  EDU  or  both  serial  digital  outputs  may  be 
viewed  simultaneously.  Changes  to  the  programmed  control  law  limits  in  the  DEEC  or  the  diagnostic  constanu  in  the  EDU  are  also  accomplished 
using  the  EAU.  with  ffie  eompofunts  remaining  installed  on  the  engine. 

Ground  Station  Unit  (ngure  4) 

The  GSU  hardware  may  vary  from  user  to  user,  but  k  k  generally  some  microcoinputer-based  device  capable  of  standard  serial  digiui 
communication.  For  the  USAF,  the  GSU  is  a  desktop,  commercially  available  computer  standardised  for  use  in  multiple  applications.  It  is  the 
Interfae^  device  to  the  base-level  logistics  system  from,  not  only  the  fiightline.  but  the  various  base  mainterunce  frcilities,  as  well. 

PW-220  EMS  dau  products  are  downloaded  to  the  GSU  by  electronic  transfer  from  a  DCU.  The  recorded  memory  cartridge  is  first  insulled  in  a 
local  DCU.  or  the  flightline  DCU  is  carried  to  the  aircraft  maintenance  support  hangar  and  then  connected  by  means  of  interface  cabliitg  to  the 
serial  port  on  the  GSU  microewnputer.  Selecting  the  approfxiate  operating  mode  from  the  DCU  menu,  the  GSU  operator  follows  a  second  GSU 
menu  of  instructioru  to  complete  the  dau  transfer  to  GSU  memory.  GSU  software  processes  the  EMS  dau  to  formulate  engine  history  records, 
calculate  engine  life-limked  part  parameters  and  evaluate  en^ne  performance  margins. 

DIAGNOSne  LOGIC 

Aiulym  of  engine  dau  in  the  PW-220  EMS  is  accomplished  in  real  time,  any  time  the  engine  is  operating.  Dectsaoitf  concerning  control 
system  health  and  engine  operating  conditions  are  made  continuously  by  the  EDU  during  every  ccmpuutional  cycle.  (Figure  ?)■  For  some 
conditions,  where  die  four  heiu  dau  rate  from  the  DEEC  is  not  adequate  for  the  EDU  to  reliably  capture  high  speed  events,  the  DEEC,  which 
operates  on  a  shorter  compute  cycle,  pe  forms  the  event  detection  function  in  the  process  of  accommodating  the  anomaly,  and  the  EDU  records 
the  occurrence  later,  when  notified  in  the  DEEC  serial  dau. 


The  EDU  uses  the  parametric  dau  obtained  ftom  the  £^EC  for  diagnostic  k>pc  execution.  Dau  which  the  EDU  acquires  from  iis  own 
measurements  ot  from  aircraft  systems  generally  supplement  the  DEEC  dau,  in  case  of  communication  failures  or  DEEC  input  faults.  Prior  to 
executing  the  diagnostic  logic,  dau  validity  checks  are  performed  to  avoid  erroneous  conclusions.  If  a  required  parameter  is  determined  to  be 
invalid,  a  substitute  parameter  is  selected,  an  alternate  logic  path  is  executed,  or  the  logic  function  may  be  bypassed  entirety. 

At  the  end  of  each  logic  sequence,  the  results  are  evaluated  against  any  faults  previously  stored  during  the  current  Oi^  cycle,  and,  in  the 
condition  is  the  first  occurrence  during  the  fl^t,  a  fruit  code,  similar  in  format  to  those  trannnkted  by  the  DEEC.  is  recorded  along  with  the 
relative  time  of  occurrence  in  the  flight.  During  each  subsequent  compute  cycle  in  the  EDU,  the  condition  is  re-evaluated.  Depending  on  the  type 
of  anomaly  in  progress,  raw  and  or  computed  dau  may  accumulated,  which  describes  the  severity  of  the  condkim  or  provides  some  key 
infomution  necessary  to  accurately  assess  the  effect  of  the  occurrence  on  engine  health  or  assist  in  directing  post-flight  investigation  and  repair.  As 
an  example, the  duration  and  maximum  temperature  reached  is  recorded,  when  a  turbine  over  temperature  event  is  detected. 

Engine  Events 

The  following  uble  identifies  the  engine  events  recorded  by  the  PW220  EMS: 

Table  1.  FlOO-FW-220  EMS  Engine  Events 


TurbiiM  Overtemperature 
Augraentor  Anomaly 
Sull  Detect 
Sugnsrion  Detect 
Dieout  Detect 
Hoc  Ground  Suit 
Hot  Air  Suit 
No  Start 

Anti-Idng  System  Overtemperature 
Anti-Idng  System  Failed  Open 
Slow  Ttirbine  Temperature  Probe. 


Low  Rotor  Overspeed 
High  Rotor  Over^>eed 
Compressor  \  ane  Flutter 
Control  Auto-Transfer 
Low  Oil  Pressure 
High  Oil  Pressure 
Sun  Bleed  Failure 
Inhibited  Augmentor 
Low  Thrust 

Anti-Icing  System  Failed  CSosed 
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AUCRAFT  INTEGRATION 

Hm  avtilabiBty  of  higb-qpeed  dau  biM  cOBiimmiotiom  with  aircraft  tysaou.  offers  aa  exceHeni,  rebtively  inaxpensiva  dau  source  for 
enfina  monkorini  purposes,  as  wall  as.  an  oppoitunity  to  provida  tba  pikx  beoer  indications  of  the  propulsion  system  health,  without  the  need  for 
analysing  cockpit  gauges  or  stuffing  indkauM*  pands  with  confusing  lights.  Through  interaction  with  the  aircraft  cockpit  display  and  dau 
management  compuur.  the  PW-220  EMS  is  capable  of  sigspiyir^  real-time  engine  operatir^  dau  to  augment  or  replace  ntmnal  analog  dau 
sysums.  It  also  provides  a  continuously  updated  message  idemi^g  every  teuft  detected  and  each  engine  event  recorded.  In  exchange,  the  EDU 
acquires  aircraft  altitude,  ^peed  and  attitude  information  to  lupplcmem  recorded  eveiu  dau. 

OPERATIONAL  EXPERIENCE 

The  FlOO- PW-220  engine  eruered  production  service  in  No^mber  1985  wun  USAF  F-IS  aircraft.  During  1986  and  1987,  F-16  aircraft 
were  delivered  with  FlOO-PW-220  engines  to  the  USAF,  as  weQ  as.  the  air  forces  of  South  Korea  and  Egypt.  >^roximauly  400  units  have  now 
accumulated  over  20,000  flight  houn  in  world-wide  operations, including  scerurios  ranging  from  routine  training  missions  to  full  defense  alert.  The 
PW-220  EMS  has  also  supported  remote  sxu  deptoymencs  for  cxunded  time  periods.  In  all  applicatioitt.  the  peKonnance  of  the  EMS  has  met  or 
exceeded  its  operational  <A}ectives. 

System  Performance 

EMS  performance  monitoring  is  primarily  accomplished  by  tracking  the  detection  of  engine  fauks  and  evenu  by  both  EMS  and  the  pilot. 
Bach  report  is  evaluated  for  validity  and  then  the  pilot  and  EMS  reports  are  conqured  to  determine  an  interim  classification  of  “HIT”  or  "MISS", 
vritere: 


HIT  -  Valid  EMS  detected  occurrence 

MISS  *  Invalid  EMS  detected  occurrence,  or 

Valid  pilot  detected  occuncncc,  within  the  EMS  detection  criteria, 
but  not  detected  by  EMS 

These  caugories  are  further  subdivided  for  detailed  analysis  as  follows: 

HIT  a  ACTUAL,  or  INDUCED  occurrences 

where. 


ACTUAL  a 
and, 

INDUCED  a 

Also. 

MISS 

where. 

FALSE 


Real  fauh  or  event 

Real  occurrence  resulting  ftom  piloc  or  maintenance  actions 

FALSE,  or  UNDETECTED  occurrences 

Invalid  fault  or  event 


UNDETECTED  »  Real  occurrence  not  detected 

For  the  purpose  of  determining  a  figure  of  merit  for  EMS  performance,  two  additional  values  are  needed: 

OPEN  a  Occurrence  of  undetermined  validity 

and, 

GOOD  a  Sortie  (flight)  with  no  occurrences 

From  these  statistics,  two  performance  factors  are  derived: 

The  first,  system  effectiveness,  is  a  measure  of  the  EMS  capability  to  correctly  detect  occurrences  or  confirm  the  absence  of  them.  In  equation 
form: 

EFFECTIVENESS  «  1  (  (OPENS  ♦  MISSES)  /  (GOODS  ♦  HITS)  ) 

The  second  foctor.  confirmation  rate,  only  cemsidera  the  validity  of  detected  occurrences,  and  is  expressed  as: 

CONFIRMATION  RATE  a  (HITS)  /  (HUS  ♦  MISSES) 

Both  performance  factors  are  generally  calculated  as  percentages. 

Field  Results  (Figure  8) 

Based  on  qxrations  throu^  August  1987.  with  19043  total  engine  flight  hours  and  9502  sorties  flown,  the  PW-220  EMS  performance  betors  ere: 
EFFECTIVENESS  =  99.3  % 
and 

CONFIRMATION  RATE  a  92.7  %  8 
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Analytls 

Akbou|b  lyiMm  pwforaiance  cxterii  wen  not  «hcdy  dtflaad  for  the  PW-220  EMS  prior  to  the  deeipi  ectivicy.  a  teneral 

operational  foal  leaa  than  10%  unconfinned  oecufreiioei  at  introductioo  waa  aitabUabed.  For  purpoiei  of  operational  trMdiiif.  introductioa  is 
baselined  around  20,000  ei^ioe  flicht  houn  (EFH);  whereas,  lyswn  maturity  is  aisiitned  after  1.000,000  EFH. 

Analysis  of  the  system  performance  facun  indicates  that,  even  tbou|b  the  introductory  confirmukm  rate  has  been  achieved,  the  primary 
negative  contiibuton  are  FALSE  and  INDUCED  detectiooi.  As  a  result,  changes  to  the  logic  criteria  have  been  idemifitd  and 

incoiporated  in  the  production  EMS  configuration.  These  changes,  along  with  some  related  improvements  to  other  engine  components,  are 
expected  to  reduce  the  system  unconfirmed  rate  to  less  chan  1%  at  maturity. 

MAINTENANCE  IMPACT 

The  direct  efl^  of  the  EMS  on  engine  maifuenance  is  somewhat  difficult  to  isolate  from  other  factors  such  as  inq)roved  component 
reliability.  tMer  component  accessibility,  and  modular  component  design,  which  all  wftnence  the  number,  duration  and  frequency  of  in«intan»nr» 
actions  perfumed.  The  PlOO-PW-220  engine  inctKprwated  many  changes,  including  EMS.  which  were  intended  to  enhance  overall 
maintainability. 

Two  of  the  more  common  maintenance  meesuremeru  standards  are:  1)  the  number  of  maintenance  man-hours  experukd  for  each  hour  of 
flight  time  accumulated,  and  2)  the  sortie  generation  rate,  or  airoaft  availability.  A  comparison  of  the  FlDO-PW-220  engme  with  EMS  to  the 
remainder  of  the  FlOO  fleet  reveals  that  the  EMS  equipped  engines  are  averaging  approximately  3)%  fewer  maintenance  man-hours  per  flight 
hour,  and  are  in  flight  ready  status  five  times  more  often.  (Figure  9).  Additional  investigation  with  the  EMS  users  indicates  that  a  idgnifi<^ant 
contributor  to  this  reduced  workload  is  the  ability,  with  EMS,  to  raixdly  ist^te  a  control  system  artomaly  to  a  fauhy  component.  Coupled  with  the 
improved  testat^ty  of  the  DEEC  system,  using  the  EMS  ground  support  equ^xnent.  the  fault  iaolation  capability  of  EMS  engines  is  expected  to 
reduce  maintenance  manpower  requirements  to  less  than  50%  erf  the  non-EMS  engines  at  maturity. 

LOGISTICS  SUPPORT 

Evaluation  of  the  PW-220  EMS  logistics  support  perfonnance  is  also  difficult  to  accomplish,  due  to  the  absence  of  valid  comparative  data. 
Not  only  are  (here  few,  if  any,  figures  of  merit  available  for  tlw  non-EMS  engine  support  system,  but  some  of  the  users  have  fwt  fully  imf^mented 
the  electronic  transfer  features  of  the  OSU  subsystem.  However,  where  the  GSU  is  being  used,  no  deu  discrepancies  have  been  noted,  and  the 
users  have  submitted  new  requirements  to  expand  the  system  fimetions. 

ENGINEERING  DATA  ACQUISITION 

Some  features  of  the  FlOO-PW-220  engine  and  EMS  represeru  development  and  design  substantiation  compromises,  which,  with 
extended  operational  experience,  have  been  proven  to  need  refinement  or  enhancemeru.  The  parametric  dau  obtained  by  the  EMS  has  been  a 
valuable  asset  in  aiulyzing  engine  and  control  system  responses  to  unusual  fli^t  and  aircraft  conditiems,  and  formulating  hardware  and  software 
changes  to  tolerate  those  situations.  In  several  cases,  the  EMS  data  revealed  operational  anomalies  totally  unknown,  and  for  which  no  design 
consideration  had  been  given.  Engine  system  changes  have  been  developed  aiKi  verified  in  less  than  half  the  ncwmal  time,  as  a  result  of  EMS  being 
available. 

NEW  APPLICATTQNS 

Develc^ment  of  the  potential  benefits  of  an  EMS  have  been  encouraged  arrd  supported  by  the  FlOO  engine  family  users,  (Figure  10). 
Upgrades  to  the  PW-220  EMS  were  incorporated  to  permU  aircraft  systems  to  better  utilize  the  dau  available  and  provide  new  methods  of 
improving  overaU  weapons  system  effectiveness.  AdditionaUy.  derivative  FlOO  engines  are  now  in  developinem  with  EMS  hardware  and  diagnostic 
logic  tailored  for  new  engine  and  missitNi  requirements.  The  EMS  concepts  have  also  been  integrated  with  advanced  engirte  control  systems 
projected  for  full-scale  development  in  the  next  five  years.  With  the  success  of  the  PW-220  EMS.  it  is  unlikely  that  any  future  Pratt  R  Whitney 
military  engine  will  enter  service  without  an  EMS. 

CONCLUSIONS 

The  PW-220  EMS  experience  has  not  only  demonstrated  the  capabilities  of  engine  diagtkovtic  systems  to  positively  influence  engine 
maintainability  and  logistics  support,  but  it  has  also  highlighted  the  potential  of  EMS  to  improve  overaU  propulsion  system  and  aircraft  integration. 
Having  met  system  objectives  and  introductory  performance  goals,  the  PW-220  EMS  is  continuing  to  provide  significant  enhancements  in  failure 
detection,  fault  isolation,  and  repair  verificatitHi.  The  PW-220  EMS  is  confirming  the  significant  payback  in  reduced  maintenance  costs  and 
imiwoved  logistics  support  offered  by  real-time  engine  monitoring. 


Figure  1.  FiOO-FW-220  Engine  Monitoring  System 


Figure  6.  Ground  Station  Unit 
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Figure  10.  EMS  Applications 
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Definition  des  besolns  utlllsateurs 

L'heure  de  fonctlonnement  d*un  reacteur,  blen  que  comptabilisee  avec  precision  n'est 
pas  tr^s  representative  de  son  vieilllssement  reel. 

Sans  falre,  dans  un  premier  temps,  de  savants  calculs,  on  Imagine  qu'un  moteur  qul 
sublt  un  vol  de  convoyage  ne  se  fatigue  pas  de  la  mdme  facon  que  celul  qul  realise 
un  vol  de  combat. 

Le  premier  qul  eat  e  regime  constant,  n'utlllse  pratlquement  pas  la  plelne  puissance 
alors  que  le  second  eat  soumis  e  tous  les  sevices  : 

-  changement  de  regime, 

-  utilisation  frequents  de  la  plelne  puissance, 

-  fonctlonnement  sous  fort  facteur  de  charge. 

Un  decollage  peut  se  reallser  de  deux  manlAres  extremes  tr^s  dlfferentes. 

-  Decollage  long,  configuration  leg^re,  puissance  minlmale, 

-  oecollage  court,  configuration  lourde,  puissance  maximum. 

Alnsl,  11  faut  fournlr  e  l*utili8ateur  un  moyen  d'intdgrer  dans  l’heure  de  fonction- 
nement  (que  nous  appellerons  heure  horloge)  la  sdvdrlte  de  la  mission  et  ddflnlr 
d'abord  1' unite  de  comptage. 

La  premiere  Idee  qul  vlent  e  1 ’esprit  seralt  de  ddflnlr  des  unites  qul  seralent  des 
cycles  complexes  : 

-  cycles  thermlques, 

-  cycles  de  fatigue  mdcanlque,  olygocyclique,  ou  autre. 

Afln  de  ne  pas  bouleverser  les  habitudes  des  utlllsateurs  et  de  toujours  conserver 
la  notion  de  potentlel  en  heures  et  de  faciliter  la  gestion  de  tous  les  elements  du 
moteur,  ceux  qul  vielllissent  en  fonction  du  temps  reel  Independeunment  de  la  sdvdrlte 
de  la  mission  et  ceux  qul,  au  contraire,  sont  sensibles  e  cette  sdverite,  nous  avons 
defini  le  concept  : 

HEURE  DE  MISSION  MZXEE 

L'unlte  de  comptage  etant  deflnle,  le  materiel  permettant  de  calculer  le  vieilllsse¬ 
ment  du  moteur  dolt  etre  aussl  peu  contraignant  que  possible  au  niveau  de  1 ’utilise- 
teur  et  en  particuller  ne  dolt  pas  autoriser  de  falre  des  erreurs. 

Avant  d'aborder  la  description  des  materials,  ddflnlssons  l'unlte  de  comptage. 

Le  tableau  ci-apres  represents  la  consoounatlon  relative  de  potentlel  pour  chaque 
type  de  mission. 

Si  l'heure  de  vol  de  convoyage  represente  1  heure,  on  constate  que  1 ' interception  h 
partlr  de  I’alerte  au  sol  represente  39  heures  de  vol  de  convoyage  et  que  la  mission 
plastron  represente,  elle,  81  heures. 
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.  CONVOYAGE  1 

.  INTERCEPTION  ALERTE  AU  SOL  39 

.  INTERCEPTION  BASSE  ALTITUDE  S 

.  PLASTRON  81 

.  PENETRATION  BASSE  ALTITUDE  1,50 

.  VOLTIGE  2,75 

MISSION  MIXEE  16 


L'unit4  de  compte  ainsi  d4flnie  "MISSION  MIXEE"  repr^sente  16  heures  de  vol  de. 
convoyage . 

C'est  avec  cette  unit^  que  la  SNECMA  d^flnlt  les  potentials  et  les  dur^es  de  vie  des 
^l^ments  du  moteur,  sans  pour  autant  connaitre  la  s^v^rit^  r6elle  h  laquelle  est  sou- 
mis  chaque  moteur,  en  attrlbuant  ci  cheque  mission  un  taux  d'occurrence  et  un  pourcen- 
tage  de  temps  dans  le  fonctionnement  du  laoteur. 

Ces  deux  derni^res  donates  n'ont  pas  4t4  choisies  au  hasard.  Elies  repr^sentent  une 
moyenne  des  missions  dans  I'Arm^e  de  l*Air  Frangaise  sur  un  type  d' avion  d^termin^. 

2  -  Description  des  mat^riels 

2.1.  Materiel  embarqu^  sur  avion 

II  se  compose  d'un  calculateur  de  potential  qui  enregistre  les  paramfetres  de 
fonctionnement  du  moteur  et  calcule  le  potentiel  en  heures  de  missions  mix^es. 

Ci-dessous  une  vue  du  calculateur  ouvert. 
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Vue  avec  I'une  des  cartes  d'^ldments  4iectronlq\ie8 


La  vue  cl-dessous  permet  d'appr4cier  les  dimensions  de  cet  6quipement. 


Ce  calculateur  est  install^  dans  une  scute  de  I'avlon,  gul  pourra  d'ailleurs  €tre 
dlff^rente  sulvant  le  standard  de  la  cellule  de  chaque  client. 

Ci-dessous  est  pr^sent^e  une  solution  pour  un  standard  donn^  de  cellule. 


Le  choix  de  1' emplacement  doit,  bien  sQr,  r^sulter  d'une  discussion  entre  I'avionneur 
et  le  client. 


Le  principe  de  1 ' installation  sur  I'avion  restera  cependant  toujours  le  mime 
comme  11  est  lndlqu4  sur  la  planche  ci'dessous. 


FRONTIERE 

I 


□  DO 

□ 


TERMINAL  DE  SAISIES 
DE  DONNEES  (T.S.D.) 


CONNBCTEUR  D' IDENTIFI¬ 
CATION  DU  MOTEUR 
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Apparait  4gaXement  le  terminal  de  salsies  de  donn^es  (T.S.D.). 

Ce  matdrlel  est  un  matdrleX  d' environnement  qul  reste  au  sol  et  sur  lequel  je 
donnerai  plus  de  details  d^uls  le  paragraphe  suivant. 

Pour  terminer  la  description  du  matdriel  embarqud,  nous  avons  ajout4  sur  le 
calculateur  de  regulation  du  moteur  un  connecteur  code  d' identification  lie  au 
moteur  qui  permet  au  calculateur  de  potentiel  de  lire  le  numero  du  moteur. 

Ceci  evite  des  erreurs  lors  des  deposes  moteur  du  fait  que  le  calculateur  de 
potentiel  est  sur  la  cellule. 

Si  le  nvuDdro  du  moteur  ne  correspond  pas  ii  celui  programme  dans  le  calculateur 
de  potentiel,  ce  dernier  se  declare  en  panne. 

2.2.  Materiels  d*environnement 

Pour  eviter  toute  erreur,  le  chargement  et  l*extraction  des  donnees  du  calcula¬ 
teur  de  potentiel  sont  realises  automatiquement  sur  1* avion  au  moyen  du  terminal 
de  saisies  de  donnees  (T.S.D.). 

Il  est  connecte  au  calculateur  de  potentiel  pour  : 

-  extraire  les  donnees  eiaborees  et  traitees  par  celui-ci, 

-  initier  ce  meme  calculateur  lorsqu'on  change  de  moteur  ou  de  calculateur  de 
potentiel . 

Void  cat  equipement  represente  avec  le  calculateur  de  potentiel. 
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Je  m'6tendral  un  peu  plus  aur  son  utilisation  lorsque  j'dvoquerai  les  problfemes 
de  gestion  lids  &  I'emplol  du  concept  calculateur  de  potential  et  les  solutions 
que  nous  proposons  pour  les  rdsoudre. 

Les  informations  ainsi  extraites  sont  introduites  dans  \in  micro  ordinateur  de 
gestion  au  niveau  de  la  base  adrienne,  de  manidre  automatique/  pour  dviter  toute 
erreur  de  transcription. 

Une  liaison  vers  un  ordinateur  central  peut  dgalement  dtre  dtablie. 

Ainsi  doit  exister  une  circulation  permanente  et  en  temps  rdel  d' iuXui.iuaCions, 
comme  le  montre  le  schdma  ci-dessous/  entre  : 

-  1' avion, 

-  le  terminal  de  saisies  de  donndes  (T.S.D.), 

-  le  micro  ordinateur  de  gestion  et  retour  vers  1 'avion/  via  le  T.S.D. 


3  -  Utilisation  et  phllosophie  d*emploi 

Une  bonne  gestion  de  pare  moteur  dolt  permettre  une  meilleure  utilisation  des  moteurs 
et  pour  cela  il  est  ndeessaire  de  : 

-  mettre  d  jour  la  base  de  donndes  des  pidees  sulvies  par  le  calculateur  de  potentiel, 

-  faire  les  prdvisions  d  court  et  moyen  terme  des  ddposes  de  moteurs  pour  envoi  d 
I'ateliet  Zdme  dchelon, 

-  faire  les  prdvisions  de  retour  de  modules  au  4dme  dchelon, 

-  faire  des  analyses  statistiques  de  consonunatlon  de  pidees  en  fonction  de  la  sdvdritd 
des  missions  et  des  heures  de  vol  rdelles, 

>  connaitre  I'historique  des  pidees  suivies. 
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3.1 .  Maintenance 

Pour  attelndre  cet  objectif*  11  faut  8 'assurer  du  bon  fonctlonnement  du  calcula- 
teur  de  potentlel. 

Au  niveau  de  I 'avion*  la  maintenance  se  resume  k  : 

-  la  slgnallsatlon* 

-  un  diagnostic  aur  allunage  du  voyant  PR  (perte  de  redondance  du  calculateur 
moteur) . 

L'alluraage  de  ce  voyant  dolt  6tre  Interprdtd  sulvant  le  schema  cl-dessous  du 
fait  qu'll  a  deux  fonctlons  : 

-  perte  de  redondance  du  calculateur  de  regulation  moteur* 

-  demande  d* Intervention  sur  le  calculateur  de  potentlel 

-  aolt  parce  qu'll  eat  en  panne 

-  soit  parce  qu'une  pifece  moteur  est  en  limite  de  fonctlonnement. 


SIGWALISATION  :  VOYANT  EN  SOUTE  MECANICIEN 

-  FIN  PR  DE  POTENTIEL  D'UNE  PIECE  MOTEUR 

-  PANNE  DE  LA  CHAINE  DE  CALCUL 


DIAGNOSTIC  :  (SUR  ALLUMAGE  VOYANT  PR) 


OUI 


TERMINAL  DE  SAISIE 
DE  DONNEES 


PANNE  AVION 


PANNE  CALCULATEUR 
DE  POTENTIEL 


N 


FLAG  ALLUME 


PIECE  MOTEUR 
EN  FIN  DE  POTENTIEL 


NON 


ENSEMBLE  DE  TEST 
DU  CALCULATEUR  DE 
REGULATION  MOTEUR 


i- 


CHANGENENT 

CALCULATEUR 


+ 


CHANGEMENT  MOTEUR 

+ 


RECOPIE 
OES  MEMOIRES 


INITIALISATION  DU 
CALCULATEUR  DE  POTENTIEL 


Pour  dlatinguer  I'une  ou  I'autre  fonctlon  un  "flag"  s'allume  sur  le  calculateur 
de  potentlel. 

3.2.  Impdratlfs  h  respecter 

Le  mode  d'emplol  etant  etabll*  les  Impdratlfs  A  respecter  sont  les  suivants  : 

Au  premier  dchelon 

'  Prdvolr  la  ddpose  du  moteur  pour  limite  attelnte. 

*  En  aucun  cas  ne  ddpasser  la  limite  de  fonctlonnement.  L\  lampe  PR  cltde  A 
1' Instant  nous  le  garantlt. 

-  Mals  aussl  ne  pas  se  lalsser  surprendre  par  cette  limite  pour  des  raisons  op^* 
rationnelles  dvldentes. 

II  faut  done  ddflnir  la  pdrlodlcltd  d'cxtraction  des  donndes  trait4es  par  le  cal¬ 
culateur  de  potentlel. 


19-8 


Au  deuxifeme  Echelon 


SI  leg  imp^ratlfs  clt^g  pour  Xe  premier  Echelon  sont  respect4s,  leg  pr^vigiong 
de  retour  dea  modulea  au  4^me  Echelon  pourront  dtre  correctement  r^alla^eg  au 
2^me  Echelon. 

3.3.  Frequence  d* extraction  dea  donn^es 


Compte  tenu  de  ces  Imp^ratlfs,  queIXe  dolt  dtre  Xa  frequence  d' extraction  des 
donn^ea  ? 

La  question  reste  pos4e  et  peut  dtre  dlff^rente  pour  chaque  utiXisateur  sulvant 
Xes  conditions  d'enpXoi  dea  avions. 

Void  simpXement  queXques  ^X^ments  qul  doivent  pemettre  A  chaque  utiXisateur  de 
determiner  cette  frequence  en  fonctlon  de  Xeur  organisation  et  des  imperatifs 
operationneXs  qul  Xeur  sont  speclfiques. 

Le  graphique  ci-dessous  precise  les  differentes  donnees  pour  repondre  e  cette 
question. 

-  Cn  ordonnee,  figure  I'endoRonagement  en  "pour  cent"  ainsl,  lorsgu*une  piece 

arrive  e  Ximite,  son  endommageirtent  est  dit  de  100%. 

-  En  abscisse  figurent  les  heures  de  vol  reelXes  (temps  horloge) ,  dont  on  dis-> 

tingue  : 

-  Ouree  de  vie  predite  de  Xa  piece  moteur.  Elle  est  definie  en  heures  de  mis¬ 
sions  mixees  montrant  que  si  I'avlon  falsait  ce  type  de  mission,  telles 
qu*elles  ont  dte  indiquees  par  Xeur  taux  d'occurrence,  verrait  ces  pieces 
moteur  arriver  h  Ximite  au  point  A. 

-  Our^e  de  vie  autoris^e  :  dur^e  de  vie  Xiberee  par  Xe  constructeur  par  mecon- 
naissance  de  la  nature  r4eXXe  et  exacte  des  missions  de  chaque  moteur. 

-  PotentieX  en  missions  Xes  plus  pdnaXisantea. 

-  PotentieX  en  missions  Xes  moins  penalisantes . 

-  PotentieX  en  heures  de  missions  mixdes  h  un  Instant  donne,  r^sultat  fourni 
par  le  caXcuXateur  de  potentlel. 


ENDONNAGEMENT 


DUREE  OE  VIE  AUTORISEE 


Deux  cas  se  pr4sentent  : 

3.3.1.  L'utillsateur  n'a  pas  de  calculateur  de  potentlel 
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~  II  est  obllgd  de  rebuter  la  pi^ce  du  noteur  qul  a  sttelnt  sa  Ilmite  de 
vie.  La  dur^e  de  vie  autorlsde  par  le  constructeur  est  dans  ce  cas 
4gale  la  moltld  de  la  durde  de  vie  prddite  par  le  calcul. 

La  difference  entre  ces  deux  valeurs  couvre  les  aldas  dus  h  la  sdvdrltd 
des  missions  qul  n'est  pas  connue  du  constructeur. 

3.3.2.  L'utillsateur  possdde  le  calculateur  de  potential. 

Si  I'on  conslddre  une  pldce  qul  a  viellli  sulvant  le  processus  reprdsentd 
en  OBf  au  point  B<  on  fait  une  extraction  de  donndes  du  calculateur  de 
potentlel.  Ce  dernier  nous  indique  le  potentlel  en  heures  de  MISSIONS  MI- 
XEES  qul  reste  ^  falre  sur  moteur  (reprdsentd  par  la  droite  BC) . 

Dans  le  cas  d'exdcution  de  MISSIONS  LES  PLUS  PENALISANTES,  cette  pidce  ne 
pourra  dtre  maintenue  en  utilisation  que  pour  un  potentlel  reprdsentd  par 
la  droite  BD. 

Dans  le  cas  d* execution  de  MISSIONS  LES  HOINS  PENALISANTES,  cette  pidce 
pourra  6tre,  par  contra,  maintenue  en  utilisation  pour  tin  potentlel  re- 
prdsentd  par  la  droite  BE. 

Par  cette  representation  grapbique,  on  peut  apprdcler  la  dispersion  d'u- 
tlllsation  que  peut  avoir  une  pidce  considdrde.  C'est  le  domalne  reprd- 
sentd  ici  par  le  trl£mgle  BDE. 

Pour  concrdtlser,  prenons  I'exeraple  de  deux  pieces  moteur  dont  la  durde 
de  vie  prddite  est  de  1200  heures. 

Elies  pourraient  done  voler  1200  heures  si  le  moteur  ne  falsalt  que  des 
missions  mixdes.  Sur  ce  moteur  la  lecture  du  calculateur  montre  qu'll 

y  a  : 

-  une  pldce  A  qul  a  viellli  un  peu  plus  vite  que  ne  le  prdvoit  la  mission 
mlxde, 

-  one  pldce  B  qul  a  viellli  un  peu  moins  vite  que  la  mission  mixde. 


ENDONMAGEMENT 
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En  proXongeant  Xes  lignes  qul  repr^sentent  1 ' endonmagement  des  pieces 
dites  A  et  Bf  sulvant  les  missions  les  plus  pdnalisantes  pour  ces  pieces, 
nous  obtenons  reapdctiveioent  pour  les  pieces  A  et  B,  200  et  250  heures  de 
vol  rdel  restant  ^  accomplir  avant  limlte  de  fonctionnement. 


MISSION  A  1  LA  PLUS  ENE)OMMAGEANTE  POUR  LA  PIECE 
MISSION  B  :  LA  PLUS  ENDOMMAGEANTE  POUR  LA  PIECE  @ 


Dans  ce  cas  precis,  11  faut  aller  verifier  le  potentiel  afflchd  par  le 
calculateur  avant  200  heures  de  vol. 

Ce  mdme  rooteur  continue  de  vleillir  et  les  missions  sont  telles  qu'au 
stade  de  fonctionnement  600  heures#  la  lecture  du  calculateur  montre  que 
la  pi4ce  B  a  eu  un  vleillissement  accdldrd  (pente  accentude) .  Par  centre, 
la  pi^ce  A  est  passde  sous  la  ligne  de  sa  "mission  mix^e  th^origue". 

I  EnjOMMAGEMENT 


HEURES 
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En  faisAiit  le  a^me  raisonneaent  qua  pr^c^deiDBent,  le  potential  autoris^ 
avec  lea  missions  las  plus  pdnallsantes  -  courbes  prolong^es  avec  les 
mAmas  pantes  respectives  -  c'est  la  plfece  B  qui,  avec  150  heures  de  po¬ 
tential  restant,  provoquera  la  prochaine  extraction  de  donn^es  h  950 
heures. 


HEURES 


Contlnuons  le  raiaonnenent  et  falsons  une  lecture  ^  950  h. 


Bn  prolongeant  lea  courbes  cosme  pr^cadeianient ,  avec  respect  des  pentes 
des  missions  les  plus  pdnalisantes,  c'est  la  pi^ce  A  qui  cette  fois  pro 
voquera*  avec  IQw  heures  de  potentiel  restant/  la  prochaine  lecture. 


ENDOMMAGEMENT 


I 


On  constate  qu'il  faut  done  auqmenter  la  frequence  d'extraction  au  fur  et 
h  mesure  qu'on  se  rapproche  de  la  limite  d '  endoiranagement  maxiinum. 

Tout  ce  ralsonnercent  est  bien  entendu  bSti,  pour  un  moteur  ’‘mature", 
pour  lequel  la  dur^e  de  vie  autorisde  se  rapproche  plus  et  a  mdme 
attaint  la  durde  de  vie  prddlte  :  ce  qui  n'est  possible  qu’avec  un  calcu' 
lateur  de  potentiel. 

Premiers  r^sultats  d* exploitation  chez  l*utilisateur 

Ces  r^sultats  donnas  k  titre  d'exemple  sent  parfaitenvent  corr414s  avec  les  profils  de 
vol.  Sur  lea  graphiqueSf  11  y  a  en  ordonndes  les  heures  de  missions  mix^es  en  abscis- 
se  les  heures  horloge. 

4.1.  Premier  exemple.  Utilisation  moyenne  de  1' avion 


H.H.N.  (HEURES  DE  MISSIONS  MIXEES) 


DT2 


AUBE  TURBINE  HP 


.O — ®  04*^  D8 


0  30  40  HH  (HEURES  HORLOGE) 

. ..  Dg  :  disques  compresseurs 
disques  turbines  1  et  2 
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Si  1* utilisation  de  ce  moteur  se  poursuit  de  la  mdnte  manifere,  le  calculateur  de 
potential  permettra  de  rdaliser  plus  d'heures  de  vol  horloge/  et  dans  ce  cas 
prdcis  on  constate  que  1 ' endonmagement  des  aubea  de  turbine  HP  est  €gal  ^  la 
moitid  de  ce  qui  est  pr^vu  en  moyenne. 

4.2.  Deuxifeme  exemple 

Les  deux  graphiques  suivants  repr^sentent  la  vie  de  deux  moteurs  sur  lesquels  on 
a  pu  distinguer  deux  p^riodes  dif£4rentes  : 

-  une  premiere  oil  1* avion  a  plus  largeoent  explore  le  domaine  de  vol  et  en  par- 
ticulier  la  zone  haute  altitude  et  fort  Mach. 

-  une  deuxifene  oil  1' avion  n'a  rdalisd  que  des  vols  de  navigation.  On  constate 
tr^s  nettenient  que  les  courbes  d*endommageaent  s' infl^chissent  et  en  particu- 
lier  pendant  cette  deuxi^me  pdriode,  le  vleillissement  de  I'aube  de  turbine 
HP  se  stabilise. 


VOLS  VOLS  NAVIGATION 

DOMAINE 
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5  -  Conclusion 


Le  calculateur  de  potentiel  est  parfaltement  au  point  et  est  en  service  dans  I'Arm^e 
de  I 'Air  Frangalse  pratiquement  depuls  un  an. 

II  int^gre  tr%s  fld^lement  la  s4v4rit4  des  missions  ce  qui  permet  done  de  g^rer  les 
mat^rlels  de  mani^re  plus  sdre/  plus  intelligente  et  plus  ^conomique. 

Pour  montrer  l'int^r$t  de  ce  calculateur,  je  choisirai  comme  exemple  une  des  pieces 
les  plus  chores  du  moteur  qu'il  surveille  : 

L'AUBE  DE  TURBINE  HP 

Aujourd'hui,  le  crlt^re  de  rebut  d'une  axibe  est  son  fluage  maximum  autoris4  jusqu’^ 
la  prochaine  visite  p^riodlque  de  la  turbine. 

La  valeur  de  ce  crit^re  est  celle  obtenue  par  difference  entre  le  fluage  h  partir 
duquel  11  peut  y  avoir  rupture  de  I'aube,  et  celui  que  subirait  I'aube  pendant  le 
temps  jusqu'%  la  prochaine  visite  pdriodique  (soit  300  heures  aujourd'hui),  avec 
le  crit^re  de  seventd  le  plus  dur. 

Si  nous  n'avons  pas  de  calculateur  de  potentiel,  nous  devons  done  rebuter  un  jeu 
d'aubes  qui  n'est  pas  h  sa  llmite  r^elle  de  fluage. 

Et  cette  limite  de  rebut  est  d'autant  plus  basse  que  la  periodicity  de  visite  est 
plus  grande,  but  recherche  par  I'utilisateur, 

Independamment  des  autres  pieces  qui  sont  surveiliees  par  le  calculateur,  les  econo¬ 
mies  realisees  sur  1 'utilisation  optimale  des  aubes  de  turbine  HP  justiflent  h  elles 
seules  le  calculateur  de  potentiel. 


P.J.  JENKINS 


D1  XUSSION 


Do  you  calculate  engine  life  based  on  a  statistical  loean  of  sortie 
types  or  do  you  calculate  engine  usage  directly  based  on  engine  speed 
and  temperature  changes? 

Author's  Reply: 

L'heure  de  mission  mixee  est  une  unite  de  compte  qui  pourrait  s'ecrire 
ainsi 

Heure  de  mission  mixee  »  (hr  de  vol  horloge)  x  (severite  de  la  mission) 
Ainsi  on  calcule  le  potentiel  du  moteur  en  fonction  des  differents 
parametres  de  vol(regime,  pression,  t^) 

P.  CHETAIL 

With  all  the  progress  made  in  the  military  applications  for  life  usage 
evaluation,  I  wonder,  as  a  commercial  user,  when  this  will  be  applied 
in  the  world  of  civil  engines? 

Author's  Reply: 

II  n'y  a  aucun  proMeme  pour  adapter  un  calculateur  de  potentiel  sur 
un  moteur  civil  ou  militaire.  Encore  faut-il  que  ce  soit  utile. 

En  principe,  sur  un  moteur  civil,  a  I'inverse  d’un  moteur  militaire 
on  connait  bien  la  mission.  Mais  dans  le  cas  ou  I'on  change  souvent 
la  mission  (ex:detarage  du  moteur  pour  economiser  du  potentiel)  le 
calculateur  prend  toute  sa  valeur. 
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soMninr 


The  desire  to  monitor  exactly  how  engines  are  used  In  service  Is  probably  as  old  as 
the  gas  turbine  engine  Itself.  However,  It  was  not  until  the  mid-seventies  that  the 
concept  of  engine  monitoring  really  became  viable  following  the  appearance  and  general 
availability  of  affordable  digital  electronics.  Including  the  mini-computer  which  is  now 
commonplace  in  most  engineering  organisations,  since  then,  the  proliferation  of  engine 
condition  monitoring  has  resulted  In  the  development  of  many  different  systems  and  It  Is 
now  customary  for  defence  organisations  to  Include  It  among  their  requirements  for  new 
military  aircraft. 


The  functional  requirements  for  engine  condition  monitoring,  as  stated  In  the 
specifications  for  new  aircraft  and  engine  progreumes ,  are  usually  defined  In  very 
general  terms,  but  for  one  notable  exception.  The  exception  Is  for  the  life  usage 
monitoring  of  major  rotating  components,  these  being  the  discs  and  the  turbines.  The 
level  of  importance  afforded  to  the  monitoring  of  these  components  is  attributable  to 
safety  and  economic  factors  which  are  too  great  to  be  Ignored  in  the  world  of  modern  high 
technology  aircraft  engines. 


To  the  engine  designer,  a  monitoring  system  can  simply  mean  extra  mass,  which  in 
terms  of  today's  performance  goals  Is  more  critical  than  ever.  If  it  is  considered  that 
a  monitoring  requirement  is  Impracticable  or  that  it  will  be  ineffective,  the  mass 
argument  will  prevail  In  an  effort  to  have  the  requirement  withdrawn.  There  are  few, 
however,  who  would  challenge  the  requirement  for  engine  usage  monitoring,  not  only 
because  It  Is  stated  unequivocally  In  the  paragraphs  of  engine  specifications,  but 
moreover  because  life  usage  Is  an  inevitable  consequence  of  engine  operation. 


Engine  condition  monitoring  In  the  UK  military  has  been  built  on  the  foundations  of 
usage  monitoring.  It  Is  interesting  to  note  that  except  for  one  or  two  very  specialised 
functions  such  as  vibration  and  oil  system  monitoring,  the  engine  parameters  required  for 
usage  monitoring  can  provide  enough  data  for  many  other  conditioi:  monitoring  functions. 
Thus,  by  starting  with  usage  monitoring,  the  UK  has  acquired  a  useful  experience  base 
from  which  it  has  been  possible  to  expand  into  other  areas  of  engine  condition 
monitoring,  at  the  least  additional  cost. 


All  the  programnes  described  In  this  paper  have  been  supported  and  funded  by  the 
Procurement  Executive  of  the  UK  Ministry  of  Defence,  primarily  for  the  purpose  of 
monitoring  Rolls-Royce  engines  in  service  with  the  Royal  Air  Force. 
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Of  the  many  different  parts  which  make  up  a  gas  turbine  engine,  only  a  small  number 
actually  qualify  for  life  usage  monitoring.  Indeed,  the  majority  have  no  need  for  any 
form  of  monitoring  at  all.  On  the  other  hand  there  are  some  parts  that  would  benefit 
immensely  If  a  practical  monitoring  technique  could  be  developed. 


To  qualify  for  usage  monitoring,  the  requirements  are  straightforward;  they  are  to 
Improve  safety  or  reduce  costs.  Analysis  shows  that  this  means  discs  and  turbine  blades, 
all  of  which  are  life-limited.  The  fact  that  a  part  is  life-limited  has  nothing  directly 
to  do  with  engine  monitoring.  A  part  is  life-limited  because  in  time  It  is  liable  to 
fall  as  a  result  of  the  environment  and  the  stresses  Imposed  on  it  during  service 
operation.  It  is  the  variability  of  operation  which  makes  monitoring  necessary. 


The  principal  life  usage  monitoring  functions  are  low  cycle  fatigue  (LCF)  and  creep. 
LCF  is  predominant  in  compressor  and  turbine  discs  where  the  consequence  of  cyclic  stress 
is  critical,  such  that  in  the  event  of  a  failure  a  serious  safety  hazard  would  inevitably 
result.  Unlike  the  failure  of  a  blade  which  can  be  contained  by  the  engine  structure, 
the  containment  of  a  disc  failure  is  impossible  and  since  many  military  aircraft  engines 
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are  buried  in  the  fuselage,  it  is  not  difficult  to  understand  why  it  is  so  critical.  The 
fact  that  an  aircraft  has  two  engines  can  offer  little  additional  comfort  in  the  event  of 
a  disc  failure. 


An  LCF  cycle  is  usually  defined  as  an  excursion  from  a  state  of  zero  stress  up  to  the 
maximum  design  stress  and  back  to  zero,  making  a  complete  cycle.  The  stresses  that  cause 
LCF  increase  proportionally  with  the  square  of  the  rotational  speed  and  are  usually  at 
their  greatest  at  peak  engine  rpm.  It  follows  that  a  small  change  in  speed  at  a  higher 
rpm  will  involve  a  much  greater  change  in  stress  than  a  corresponding  change  in  speed  at 
a  low  rpm.  This  is  broadly  the  situation  that  pertains  to  the  first  few  stages  of  the 
engine  ccxapressor  syst^.  However,  in  the  later  stages  of  the  compressor  and 
particularly  in  the  turbines,  the  situation  is  quite  different.  The  difference  is  that 
the  discs  in  these  areas  of  the  engine  are  also  affected  by  thermally  induced  stresses 
which,  depending  on  the  circumstances,  can  either  augment  or  abate  the  rpm  based 
stresses.  These  thermal  stresses  arise  from  temperature  gradients  that  develop  across 
the  affected  component.  Thus,  the  computation  process  becomes  increasingly  more  involved 
as  engine  components  are  required  to  operate  at  higher  and  higher  temperature  levels. 


Temperature  and  stress  are  also 
the  main  contributors  to  creep  which  is 
particularly  evident  in  parts  of  the 
engine  that  are  totally  immersed  in  the 
hot  gases  downstream  of  the  combustion 
chamber.  The  conditions  for  creep  are 
most  prevalent  at  high  power  ratings 
when  rotational  speed  and  temperature 
are  closest  to  their  operating  limits. 
Unlike  LCF,  where  there  are  no  visible 
signs  of  distress  until  the  onset  of 
cracking  shortly  before  failure,  creep 
can  be  measured  in  units  of  length  as 
it  progresses.  Indeed,  special  gauges 
have  been  developed  just  for  this 
purpose,  a  typical  example  being  shown 
in  Figure  1 . 


In  theory,  it  should  be  possible  to  plot  life  usage  as  it  happens,  but  in  practice 
it  is  not  so  simple.  Nevertheless,  the  propensity  to  develop  electronic  black  boxes  has 
continued  with  strength  for  a  market  where  the  emphasis  on  life  cycle  costs  is  growing  in 
significance. 


Before  proceeding  with  a  description  of  the  systems  that  have  been  developed  for 
military  engine  life  usage  monitoring,  it  is  worth  pausing  for  a  moment  to  consider  the 
question;  'why  bother?'.  For  years,  gas  turbine  engines  have  been  operated  on  the  basis 
of  flying  hours  and  indeed  the  majority  still  are.  Are  we  therefore  in  danger  of  just 
inventing  or  fabricating  a  need  to  develop  yet  another  box  to  occupy  space  somewhere  in 
an  already  crowded  aircraft  avionics  bay.  The  arguments  for  and  against  usage  monitoring 
almost  always  revolve  around  a  conxnon  set  of  questions  regarding  safety,  cost  and  cost 
benefit.  It  has  already  been  said  that  an  engine  can  be  operated  without  any  form  of 
life  usage  monitoring  device  that  is  capable  of  counting  cycles  or  time  at  temperature. 
However,  there  is  no  guarantee  that  a  fleet  of  engines  will  be  operated  in  accordance 
with  the  assumptions  originally  used  to  estimate  the  service  lives.  This  introduces  the 
problem  of  uncertainty  and  the  requirement  to  apply  safety  factors.  Although  it  would  be 
possible  to  make  the  safety  factors  so  large  that  the  probability  of  a  failure  in 
operation  would  be  virtually  zero,  the  cost  of  doing  so,  in  spare  parts  alone,  would  be 
astronomic. 


Pig.  2  Mission  Profiles  (rpa) 


There  are  some  good  examples  that  usefully 
illustrate  the  problem  of  uncertainty. 
The  problem  is  really  due  to  many  factors, 
two  of  the  more  obvious  being;  the 
variance  between  theoretical  and  actual 
mission  profiles,  and  variation  within  the 
same  mission  type.  Figures  2  and  3 
provide  an  indication  of  both  problems 
respectively.  The  engine  rpm  profiles  in 
Figure  2  clearly  show  that  there  is  a  vast 
difference  between  a  theoretical  mission 
profile  and  a  recording  of  actual  service 
operation  for  the  same  mission  type.  This 
is  not  really  surprising  since  the 
theoretical  profile  is  constructed  by 
simple  point  to  point  connection,  ignoring 
the  many  throttle  movements  which 
naturally  occur  in  flight.  However, 
because  it  is  known  that  real  flying  is 
more  cmnplex,  safety  factors  ar*^  applied. 


So,  although  Initially  It  might  seen  that  gross  underestlisates  of  life  consumption 
are  possible.  In  practice  the  service  life  predictions  are  generally  conservative. 


Perhaps  the  beat  example  of  this 
Is  the  Adour  Mk  ISl  engine  In  operation 
with  Royal  Air  Force  Hawk  training 
sguadrons,  where  leas  than  five  years 
after  entering  service  the  assumed 
LCF  life  consumption  rates  were  revised 
downwards  by  a  factor  of  2.3. 
Correspondingly  the  service  life  limits 
of  many  components  were  Increased  by 
the  same  factor.  The  projected  life 
cycle  cost  savings  resulting  from  this 
achievement  alone  were  estimated  In 
1984  to  be  around  fifty  million  pounds. 


As  mentioned  already.  It  Is  not 
just  the  variance  between  theory  and 
practice  that  Is  Important.  Variation 
between  sortie  types  and  variation 
within  a  specific  sortie  type  are 
egually  Important.  The  reasons  for 
this  variability  are  manifold;  they 
Include  pllot-to-pllot  differences, 
englne-to-englne  differences  due  to 
performance  or  modification  state,  and 
aircraft  stores  configuration.  A 
striking  example  of  the  degree  of 
variation  that  can  exist  Is  shown, 
albeit  In  somewhat  extreme 
circumstances.  In  Figure  3. 


The  rpm  traces  shown  are  produced 
from  data  recorded  by  monitoring 
systems  fitted  to  two  of  the  Red  Arrows 
formation  flying  team.  The  difference 
Is  clearly  visible,  with  the  wing  man 
using  up  LCF  life  almost  forty  times 
more  quickly  than  the  lead  man. 
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Several  systems  have  been  developed  in  the  UK  for  military  engine  usage  monitoring, 
some  specifically  for  the  purpose,  others  for  more  comprehensive  engine  condition 
monitoring.  These  systems  range  from  relatively  simple  data  recorders  to  real-time  data 
processors. 


Pegasus  Engine  Life  Recorder 


All  marks  of  Harrier  aircraft  Incorporate  a  facility  for  metering  the  life  usage  of 
HP  turbine  blades.  In  the  later  AV8B/GR5  series  of  aircraft,  this  Is  performed  by  an 
engine  monitoring  system  while  earlier  aircraft  are  fitted  with  a  purpose  designed 
'engine  life  recorder'.  There  are,  however,  significant  differences  between  the 
algorithms  used  In  each  of  these  systems. 


The  engine  life  recorder  function  Is  based  on  an  exponential  law  which  uses  an 
averaged  exhaust  gas  temperature  measurement  to  estimate  the  rate  of  creep  life  usage. 
To  account  for  the  cooling  effect  of  water  Injection  on  the  turbine  blades,  a  'wet  law' 
Is  applied  which  reduces  the  count  rate  for  a  given  exhaust  gas  temperature.  However, 
the  accuracy  of  the  engine  life  recorder  relies  on  an  Implicit  relationship  between 
exhaust  gas  temperature  and  turbine  blade  temperature,  and  so  lacks  the  sophistication 
that  Is  possible  with  more  modern  digital  computing  devices.  For  example,  centrifugal 
stress  Is  not  Included  because  shaft  speed  is  absent  from  the  simple  life  recorder 
function. 


The  limitations  of  the  engine  life  recorder  have  not  gone  unnoticed.  As  more 
capable  electronics  have  became  available,  the  opportunity  has  been  taken  to  Improve  the 
methodology  for  calculating  creep  for  use  in  later  generation  monitoring  systems. 


Fig.  3  Red  Arrows  rpsi  Traces 
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The  development  of  speclal-to-type  life  usage  monitoring  systems  is  an  expensive 
business.  Ideally,  therefore,  it  would  seen  worthwhile  to  develop  a  standard  monitoring 
system  that  could  be  used  for  a  multitude  of  aircraft  types  with  minimal  changes  to  Its 
conf Iguratlon . 


Such  a  system  was  developed  In  the  early  seventies,  known  as  the  Engine  Usage 
Monitoring  System,  or  simply  BUMS.  The  primary  aim  of  BUMS  was  to  provide  a  better 
knowledge  of  the  usage.  In  particular  LCF  life  usage,  of  engines  In  service.  In  Its 
original  form,  BUMS  provided  a  simple  and  effective  monitoring  capability. 


The  system,  described  by  Figure  4,  simply 
records  data  from  an  array  of  engine  and  aircraft 
sensors  onto  a  tape  cassette  In  a  digital  format. 
The  tape  cassette  recordings,  one  for  each  flight, 
are  then  processed  on  computers  using  complex 
stress  algorithms  to  calculate  the  amount  of  LCF 
life  usage  incurred  by  each  of  the  major  engine 
components . 


The  power  of  BUMS,  when  fitted  to  a  large 
enough  sample  of  aircraft,  covering  the  spectrum 
of  operating  roles.  Is  such  that  the  life  of  major 
engine  components  can  be  controlled  with  greater 
confidence  and  significant  cost  benefits.  At  the 
same  time,  the  system  enhances  flight  safety  by 
providing  a  more  accurate  assessment  of  life  usage 
rates.  However,  these  benefits  can  only  be 
realised  when  sufficient  data  has  been  accrued  to 
build  a  data  base  consisting  of  hundreds  or  even 
thousands  of  flights,  depending  on  the  role  of  the 
aircraft  type  concerned.  The  actual  amount  of 
data  required  before  a  cyclic  us:.ge  rate  can  oe 
determined  will  depend  largely  on  the  observed 
scatter  In  the  life  usage  results.  As  a  broad 
indication  of  the  scale  of  BUMS,  to  date  more  than 
60,000  hours  of  data  have  been  recorded  from  more 
than  sixty  aircraft  Installations  covering  a  dozen 
different  types. 


GROUND  PROCESSING 


Fig. 4  Engine  Usage  Monitoring  SyatOB 


As  implied  earlier ,  BUMS  has  been  the  subject  of  further  development.  Indeed  by 
1980  there  was  a  SUMS  Hk.2,  incorporating  a  microprocessor  for  executing  life  usage 
algorithms  in  real  time.  Although  never  employed  on  the  scale  of  the  original  system, 
EUMS  Nk.2  has  successfully  provided  a  valuable  service  as  a  development  tool  in  support 
of  other  important  engine  monitoring  programmes. 


LCF  Counter 


The  obvious  limitation  of  EUNS  is  that  it  can  only  serve  to  provide  a  small  window 
on  the  overall  service  operation  of  a  fleet  of  aircraft,  unless  of  course  it  is  fitted  to 
each  and  every  one.  Although  the  natural  conclusion  might  be  to  do  just  that,  there  are 
two  major  factors  against  doing  so.  SUMS,  although  a  low  cost  option  for  a  small  number 
of  aircraft,  would  be  too  expensive  for  fleetwide  use.  Moreover,  the  amount  of  recorded 
data  from  a  fleet  of  aircraft  could  conceivably  overwhelm  the  resources  available  to 
support  its  operation  in  the  service  environment.  If  then,  the  maximum  life  is  to  be 
obtained  from  all  major  components,  a  system  that  is  both  cheap  and  simple  to  manage  must 
be  a  requirement. 


A  system  that  met  these  criteria  was 
developed,  primarily  for  the  Royal  Air 
Force . 


This  was  the  LCF  counter,  illustrated  in 
Figure  5 ,  which  incorporates  a 
microprocessor,  memory  and  display  devices 
that  enable  it  to  calculate  and  store  life 
usage  counts  for  later  interrogation  by 
maintenance  personnel.  It  has  been  fitted 
to  several  military  aircraft  types  on  a 
limited  basis,  but  never  fleetwide. 


Fig.  5  Ssdths  LCF  Counter 
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The  most  recent  equipment  developments  have  been,  of  necessity,  forced  to  provide  a 
wider  range  of  functions,  following  the  trend  towards  comprehensive  engine  condition 
monitoring.  In  keeping  with  the  philosophy  to  produce  a  mostly  common  equipment 
st^mdard,  the  requirement  arose  for  a  standard  engine  monitoring  system  (EMS)  that  could 
satisfy  all  condition  monitoring  requirements.  The  EMS  which  subsequently  emerged  from 
this  requirement  was  developed  with  one  application  already  planned.  This  was  for  RAF 
Harrier  SRS  aircraft  which  began  service  operation  In  the  second  half  of  1987. 


Development  of  the  EMS  hardware  was  the  responsibility  of  Plessey  Avionics  under 
contract  from  the  Ministry  of  Defence  (Procurement  Executive).  Rolls-Royce  was 
contracted  to  define  the  functional  requirements  and  provide  the  engine  transducers. 
When  defining  the  requirements,  Rolls-Royce  was  very  cautious,  not  wanting  to  create  an 
over-sophisticated  system  that  would  be  unsupportable .  The  basic  functions  Include; 


LCF  Life  Usage  Counting 

Turbine  Life  Usage  Counting 

Operational  Limit  Exceedance  Detection 

Hot  Start  Detection 

Surge  Detection 

In-Flight  Relight  Detection 

Vibration  Frequency  Analysis 

Incident/Exceedance  Recording 

Pilot  Initiated  Event  Recording 


It  was  fortunate  that  the  GR5  would  Incorporate  a  HIL-STD-1553  data  bus  which  could 
provide  most  of  the  data  required  to  satisfy  the  functional  requirements.  This  was  an 
Important  advantage  In  favour  of  minimising  weight  penalties,  which  Is  always  of  concern 
to  aircraft  designers,  but  even  more  so  when  the  aircraft  is  designed  for  VTOL 
operations.  Only  two  extra  transducers  were  required;  an  accelerometer  to  sense 
vibration  and  a  pressure  transducer  for  compressor  delivery  pressure.  Much  of  the  EMS 
data  provided  via  the  aircraft  data  bus  Is  alternatively  available  from  the  digital 
engine  control  system  which  Is  standard  fit  on  Pegasus  engines  In  the  Harrier  GR5.  This 
offers  a  straightforward  means  of  data  validation  by  comparing  the  values  of  parameters 
that  are  common  to  both  data  sources. 


Not  all  of  the  functional  requirements  are  of  prime  concern  to  first  or  second  line 
maintenance.  For  example,  the  fact  that  an  in-flight  relight  occurred  Is  certain  to  be 
reported  by  the  pilot.  The  reason  that  this  function  has  )3een  Included  In  the  EMS  Is  to 
provide  more  Information  to  the  engine  manufacturer  In  the  hope  that  with  a  better 
iuiowledge  of  the  circumstances  and  engine  behaviour  relating  to  the  Incident,  improved 
maintenance  procedures  might  be  developed.  A  similar  situation  also  applies,  but  to  less 
extent,  to  the  other  functions,  enabling  the  engine  manufacturer  to  build  up  a  data  base 
of  Incidents  that  hitherto  could  only  be  recorded  as  pilot  observations.  With  more 
detailed  Information  It  Is  possible  that  some  of  the  limits  applied  to  basic  engine 
operation,  such  as  top  temperature  limits,  could  be  relaxed  to  the  benefit  of  the 
operator.  Initially  however,  the  EMS  will  only  provide  better  Information  relating  to 
existing  limitations  which  will  help  to  determine,  with  more  confidence,  the  maintenance 
action  to  be  taken. 


The  requirement  for  vibration  frequency  analysis  did  not  originate  from  Rolls-Royce. 
Previous  experience  with  vibration  monitoring  systems  on  Rolls-Royce  engines  had  proved 
to  be  the  cause  of  numerous  false  warnings.  However,  none  of  those  systems  attempted  to 
do  very  much  with  the  transducer  output  other  than  to  illuminate  a  warning  lamp  in  the 
cockpit  when  the  vibration  level  exceeded  a  preset  limit.  This  was  not  to  be  the  case 
for  the  Harrier  EMS.  The  US  Marine  Corps,  as  the  major  customer  for  AV8B  Harrier 
aircraft  demanded  that  vibration  monitoring  should  be  Incorporated  In  the  EMS,  In  keeping 
with  US  Navy  policy  to  equip  all  fighter  aircraft  with  a  facility  to  monitor  engine 
vibration  and  the  capability  to  analyse  the  frequency  components.  This  concept  not  only 
Improves  the  ability  to  Identify  the  cause  of  vibration  within  the  engine,  but  also 
Improves  the  ability  to  check  out  the  transducer  Itself.  In  order  to  Implement  this 
requirement,  Rolls-Royce  chose  to  specify  a  comb  filter  comprising  of  fifteen  narrow  band 
frequency  filters.  These  were  appropriately  distributed  to  span  a  bandwidth  of  5  KHz  to 
cover  the  operating  ranges  of  the  engine  spools  as  well  as  higher  frequency  levels 
normally  associated  with  gears  and  bearings. 


Every  time  an  engine  abnormality  is  detected,  as  defined  by  the  BHS  logic,  whether 
It  be  vibration,  overtemperature ,  surge,  etc.,  or  If  the  pilot  chooses  to  record  data, 
two  records  are  automatically  stored  In  memory.  The  first  of  these  Is  a  high  level 
summary  of  the  Incident  giving  the  salient  details  of  the  incident,  the  tine  at  which  It 
occurred,  the  duration  and  the  peak  values  of  associated  parameters.  The  second  is  a 
time  history  record  of  all  EMS  parameters  for  the  period  of  the  Incident  Including  four 
seconds  t>efore  and  afterwards. 
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The  purpose  of  the  sumnarles  is  to  provide  maintenance  personnel  with  sufficient 
data  to  make  6O/H0GO  decisions  between  flights  while  the  time  history  records  are 
Intended  to  provide  detailed  engineering  data  for  troubleshooting  the  causes  of  problems. 


The  means  to  Interrogate 
the  EMS  have  been  provided  in 
several  ways  as  shown  in 
Figure  7.  Information  can  be 
accessed  from  the  cockpit 
using  the  display  systems 
available  to  maintenance 
personnel  during  after-flight 
inspection.  Alternatively, 
there  is  a  compatible  data 
retrieval  unit  for  reading 
exceedance/ incident  summaries 
and  life  usage  counts  or  for 
transferring  all  of  the  data 
stored  in  the  EMS  to  a  ground 
computer  for  bookkeeping  and 
analysis. 


There  is  an  obvious  connection  between  engine  condition  monitoring  and  diagnostics. 
The  approach  taken  in  the  UK  is  to  store  data  when  there  is  an  abnormal  engine  operating 
condition  and  then  to  analyse  that  data  on  the  ground  to  assist  maintenance  decisions. 
However,  unless  there  is  a  clear  strategy  for  data  management,  the  amount  of  data 
produced  from  a  fleet  of  aircraft  will  overwhelm  maintenance  resources.  For  this  reason, 
a  special  information  management  system  has  been  developed  in  parallel  with  the  engine 
monitoring  system  which  can  be  deployed  to  all  Harrier  operational  units  in  the  Royal  Air 
Force . 


FULFIIXIMG  THE  OBJECTIVES 


All  of  the  monitoring  systems  described  in  this  paper  have  succeeded  in  meeting 
their  functional  objectives,  though  the  degree  of  application  has  been  slight  in  some 
cases.  Compared  with  the  enormous  success  of  the  EUMS  progranmie,  the  iCF  counter  may 
seem  insignificant,  being  fitted  tc  no  more  than  a  few  UK  military  aircraft,  including 
the  Red  Arrows.  However,  this  is  through  no  fault  of  the  equipment;  it  is  more  a 
reflection  of  the  changing  requirements  and  technology  developments  in  the  rapidly 
expanding  field  of  engine  condition  monitoring.  It  is  only  fair  to  point  out  that  the 
LCF  counter  has  found  greater  success  in  other  markets  outside  of  the  Royal  Air  Force. 


It  is  highly  significant  that  a  monitoring  system  has  to  justify  its  way  onto  a 
fleet  of  aircraft,  and  the  most  direct  means  of  doing  so  is  to  demonstrate  its 
effectiveness  on  the  basis  of  cost  benefits.  Unfortunately  though,  the  cost  benefits  are 
increasingly  difficult  to  realise  if  the  system  is  not  incorporated  during  the  aircraft 
design  and  development  phase.  This  is  primarily  due  to  the  high  cost  of  retrospective 
installation,  compounded  by  the  loss  of  savings  resulting  from  the  absence  of  a  parts 
life  monitor  at  the  commencement  of  service  operation  of  the  aircraft.  Consequently, 
with  new  military  aircraft  programnes  few  and  far  between,  the  opportunities  for 
commissioning  fleetwide  monitoring  systems  are  correspondingly  small  in  number.  Thus, 
the  chances  of  a  new  system  being  fitted  to  a  new  aircraft  type  tends  to  depend  on  there 
being  a  requirement  and  the  state  of  technology  available  at  the  time.  The  circumstances 
relating  to  the  decision  to  fit  an  engine  monitoring  system  to  Harrier  GR5  aircraft 
Illustrates  these  points  very  well. 


In  the  future,  as  avionics  technology  progresses,  it  is  likely  that  engine  condition 
monitoring  will  find  Itself  Integrated  with  other  aircraft  monitoring  functions  in 
multi-function  processing  systems,  making  the  most  recent  engine  monitoring  systems 
obsolescent.  However,  this  prospect  should  not  discourage  further  development  of 
independent  systems,  since  without  them,  the  Importance  ascribed  to  usage  monitoring 
could  elude  some  of  the  less  established  engine  condition  monitoring  functions. 


The  views  expressed  in  this  paper  are  those  of  the  author  and  do  not  necessarily 
reflect  the  views  of  Rolls-Royce  pic. 


Copyright  (C>  1988  by  Rolls-Royce  pic. 
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DISCUSSION 

M.  HOUILLON  (  Coaaentaire  sur  les  coMunicaciOfis  n*  19  et  20) 

A  la  suite  des  deux  derniers  exposes  je  tiens  a  apporter  les  precisions 
sulvantes: 

-La  philosophle  retenue  en  France  est  identique  a  cells  retenue  au 
Royauffls  Uni  et  dans  les  autres  pays  participants. 

-En  ce  qui  concerns  le  calculateur  de  potestiel  du  H33  un  doute  s'est 
installs  au  cours  de  I'expose.  II  est  n^ceasaire  de  pr^ciser  que  lea 
algorithmes  de  calcul  utilises  sent  sesblables  dans  le  principe  a  ce 
qui  a  ete  expos^  par  les  autres  participants.  L’endooMagenent  est  cal- 
cule  pas  a  pas  en  fonction  des  parai&etres  nioteur,  les  resultats  sent 
comptabilis^s  et  oeDorises  dans  le  calculateur. 

-La  difference  et  I'incoaprehension  apparue  en  seance  provient  de  la 
confusion  apport^e  par  la  notion  de  mission  mixes.  Cette  notion  est 
utilisee,  a  la  deoande  de  I'Arn^e  de  I'Alr  Franqalse,  afin  de  comnuni- 
quer  au  technlcien  charge  de  la  mise  en  oeuvre  de  I'avion,  un  r^sultat 
facile  a  interpreter. 

-Cette  notion  n'intervlent  absoluoent  pas  dans  le  calcul  lui-m^me  et 
dans  la  cooptabillsation  de  I'endoomiageaent. 
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SUMMARY 

This  paper  describes  the  design  and  development  by  GE  Aircraft  Engines  of 
recent  military  engine  monitoring  systems.  In  particular,  the  systems  for  the 
F101-GE-102  engine  In  the  B-1B  aircraft  and  the  F110-GE-100  engine  In  the  F-16C/D 
are  used  as  examples.  Since  both  of  these  systems  have  recently  been  Introduced 
Into  service,  this  experience  Is  discussed  together  with  operational  status. 

These  present  systems  are  compared  with  future  evolutionary  trends  which  are 
affected  by  the  development  of  miniaturized,  rugged  electronics  and  by  the  desire 
to  minimize  the  unique  hardware  and  software  required  for  engine  monitoring.  A 
discussion  of  Interfaces,  both  airborne  to  the  flight  crew,  and,  through  support 
equipment  and  ground  analysis  programs,  to  the  ground  crew.  Is  Included. 


IMTROOUCTIOM 

The  aircraft  engine  manufacturers'  Involvement  In  engine  monitoring  has  varied 
but,  with  recent  emphasis  on  supportablllty  features,  participation  In  total  system 
Integration  throughout  the  engine  design  and  development  phases  Is  now  the  normal 
modus  operandl.  As  will  be  seen  from  the  two  examples  cited,  the  means  of 
achieving  the  end  result  of  a  fully  Integrated  system  can  vary  significantly  and 
will  continue  to  evolve  as  aircraft  with  fly-by-wire  techniques,  which  Include  data 
bus  architecture,  become  the  standard. 

Military  monitoring  systems  have  emphasized  go/no-go  decision  making  more  than 
long-term  engine  performance  trends.  GE  Aircraft  Engines  Is  developing  military 
monitoring  systems  which  Include  Instrumentation  of  the  engine,  airborne  diagnostic 
algorithms,  and  ground  software/hardware  combinations.  GE  has  developed  the  total 
system  for  the  F-16  aircraft  with  the  F110-GE-100  engine,  and  similar  ground 
systems  are  being  developed  for  the  F110-GE-400  (Navy)  and  FlOl-GE-102  (Air 
Force/SAC).  The  systems  for  the  FlOl-GE-102  In  the  B-IB  and  the  F110-GE-100  In  the 
F-16C/D  have  been  selected  as  examples  of  systems  which  are  In  service  and  accruing 
operational  experience. 

The  system  for  the  B-1B/F101-GE-102  Is  known  as  the  Central  Integrated  Test 
System  (CITS)  which  has  Its  origins  In  the  early  ’70s  with  the  B-1A.  Extensive 
factory  and  flight  testing  led  to  diagnostic  logic  changes  but  the  system  remained 
essentially  unchanged  even  with  the  advent  of  the  B-1B  In  19B2.  Additional  factory 
and  flight  testing  has  brought  the  system  to  the  operational  point  described  In 
this  paper  with  almost  all  of  the  100  B-IBs  assembled  by  the  end  of  1987. 

Hith  respect  to  the  FllO-GE-100  system,  GE  received  a  contract  from  the  USAF  In 
early  1983  for  the  full  scale  development  of  that  engine.  Included  In  this 
contract  was  the  requirement  for  a  Engine  Monitoring  System  (ENS).  At  that  time  It 
was  recognized  that  for  the  EMS  to  become  an  Integral  part  of  the  engine 
maintenance  concept.  It  needed  to  be  keyed  to  the  existing  USAF  maintenance 
organization. 

System  design  was  Initiated  In  January  of  1983.  and  complete  system  operation 
was  demonstrated  during  development  engine  testing  In  December  1984.  The  EHS  was 
available  for  the  first  flight  of  the  FllO-GE-100  engine  In  an  F-16C  aircraft  (May 
1985).  Production  deliveries  of  ENS  equipment  started  In  March  1986  and  at  the  end 
of  1987,  the  EMS  was  "on  board"  over  2M  GE  powered  F-16C/0  aircraft  that  had 
entered  service. 


I 
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The  Monitoring  system  for  the  FlOl-GE-102  engine  In  the  B-IB  Is  part  of  the 
Central  Integrated  Test  Systems  (CITS)  -  See  figure  I.  Engine  control  parameters 
from  the  analog  electronic  Augmentor  -  Fan  -  Temperature  (AFT)  Control  are 
digitized  by  the  on-engine  CITS  Processor,  which  also  performs  the  engine  cycle 
counting  functions.  This  cycle  data  can  be  downloaded  directly  to  a  portable 
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Figure  2 
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ground  support  Data  Acquisition  Unit.  Othar  sub-systen  analog  signals,  e.g., 
vibration,  anti-ice  and  lube  paraaeters,  are  transaltted  to  the  aircraft  Signal 
Conditioning  and  Distribution  Unit  (SCDU)  for  digitization.  Both  sets  of  digitized 
paraaeters  are  then  sent  to  the  aircraft  CITS  computer  which  performs  the  data 
acquisition,  event  detection  and  fault  Isolation  functions.  The  CITS  computer 
communicates  with  the  aircraft  Control  and  Display  panel,  the  maintenance  recorder 
and  the  airborne  printer  -  See  Figure  2.  A  Record  Initiate  Switch  Is  In  the 
cockpit  which  permits  the  pilot  to  manually  request  the  CITS  to  record  data. 

The  aircraft  maintenance  recorder  stores  data  on  a  magnetic  tape.  A  cartridge 
Is  physically  removed  from  the  aircraft  and  Is  read  by  the  CITS  Ground  Processor 
(CGP).  All  data  Is  available,  either  In  total  or  selectively,  from  the  CGP  In  hard 
copy  form.  In  addition,  engine  data  Is  separated  and  stored  on  an  8"  floppy  disk. 

A  ground  software  program  Is  In  the  latter  stages  of  development  which  will  take 
this  engine  data  and  process  It  In  an  Air  Force  Personal  Computer  (Z-248)  to 
provide  Information  such  as  fault  parametric  data,  trends  and  maintenance  history 
In  an  easily  accessible  and  understandable  form  -  See  Figure  3. 


The  present  CITS  engine  logic  Is  Intended  to  detect  951  of  the  faults  which 
would  result  In  a  lOX  or  greater  power  loss.  Further,  It  then  should  correctly 
Isolate  at  least  7SX  of  those  faults  to  the  LRU  level.  The  crew  Is  Informed  of 
these  fault  detecti on/1  sol atlons  on  the  control  and  display  panel  and  a  printed 
paper  tape.  At  the  same  time,  data  snapshots  are  recorded  on  magnetic  tape.  Each 
of  the  detectlon/lsolatlon  messages  Identified  In  the  logic  has  been  assigned  a 
unique  code  number  (which  also  Identifies  the  engine  position).  These  codes  are 
listed  In  a  table  In  the  engine  troubleshooting  manual.  The  table  Identifies  the 
appropriate  troubleshooting  procedure  for  each  of  the  codes.  Additionally,  each  of 
the  troubleshooting  flow  charts  has  a  list  of  the  CITS  codes  which  relate  to  It. 

It  should  be  recognized  that  the  limitations  of  the  CITS  automated  diagnostics 
(and,  for  that  matter,  other  systems)  are: 

0  CITS  detects  95X  of  the  faults.  The  5X  which  are  the  most  difficult  for  human 
troubleshooters  are  also  the  most  difficult  for  CITS. 

0  A  CITS  LRU  Includes  cables  and  plumbing.  The  repair  technician  1$  still 
required  to  diagnose  Interconnection  faults. 
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0  Hhen  the  CITS  logic  Is  confronted  with  two  or  More  possible  LRU's  and  has 
Insufficient  Infonutlon  to  choose  aoong  thea.  they  are  ranfced  according  to 
failure  probability. 


0  The  CITS  logic  designers  have  atteapted  to  coapensate  for  the  Interaction  of 
Bultiple  failures,  however,  all  of  the  possible  raalficatlons  and  Interactions 
of  auUlple  failures  are  not  known.  The  llaltatlons  of  CITS  Is  aentloned  In 
order  to  eaphasize  that  CITS  was  designed  to  be  a  tool  to  aid  a  huaan 
diagnostician,  not  a  way  to  replace  hla,  and  not  a  diagnostic  panacea. 


A  considerable  amount  of  data  can  be  recorded  by  CITS.  It  Is  grouped  In  the 
following  data  blocks: 

0  Identification  data  (engine  S/N.  aircraft  S/N,  etc.)  entered  through  the 
control  and  display  panel. 

o  Failure  messages  or  CITS  Maintenance  codes  (CMCs)  -  150  per  engine  or  600  per 
aircraft.  (61  of  total  aircraft  which  possesses  10435  unique  CMCs). 

0  Snapshot  data  taken  at  event  detection,  power  up  and  every  30  minutes. 

Consists  of  three  scans,  30  seconds  apart.  A  single  snapshot  Is  recorded  when 
the  Record  Initiate  Switch  Is  activated.  It  should  be  noted  that  any  aircraft 
event  results  In  a  complete  set  of  aircraft  data.  Including  engine,  being 
recorded.  This  data  can  only  be  separated  Into  sub-systems  by  the  CGP  on  the 
ground . 

0  Trend  data,  eight  scans  taken  over  a  two  second  period. 

0  Continuous  recording  of  fan  speed,  core  speed  and  TAB  In  the  event  of  an 
exceedance. 

0  Parts  Life  Tracking  Data. 

0  Engine  status  (total  run  time). 

As  part  of  the  trend  data  block  some  additional  data  1$  taken  associated  with 
TAB  levels  and  significant  engine  anomalies  such  as  power  loss. 

The  B-1B  CITS  Is.  as  Its  name  Implies,  a  total  aircraft  monitoring  system  with 
the  engines  being  a  sub-system.  GE's  Involvement  has  been  In  the  engine  CITS 
Processor,  the  ground  support  OAU,  the  on-board  diagnostic  logic  and  the  future 
ground  software  program.  The  ground  software  program  did  not  commence  until  1985 
whereas  the  aircraft  and  engine  CITS  were  designed  In  to  the  original  B-1A  system 
which  led  to  the  B-1B. 


The  primary  Interface  for  the  F110  ENS  parametric  Inputs  1$  also  the  engine 
AFT  electronic  control.  This  full  authority  control  provides  some  23  analog 
Inputs  and  five  discrete  values.  Parameters  are  also  available  from  other 
non-control  areas  such  as  the  anti-ice  and  lubrication  sub-systems.  The  aircraft 
avionics  system  provides  an  additional  six  Inputs  relating  to  flight  conditions. 

The  EMS  configuration  consists  of  three  hardwar>>  components;  an  engine  mounted 
EMS  processor  (EMSP).  an  airframe  mounted  ENS  computer  (ENSC)  and  a  Data  Display 
and  Transfer  Unit  (DDTU)  -  fllghtllne  equipaent.  Additionally,  EMS  software  Is 
provide"  for  the  ground  station  computer.  The  relative  locations  of  this  equipment 
are  shown  In  Figure  4.  The  functional  relationships  and  Interfaces  are  Illustrated 
In  Figure  5.  A  full  description  of  the  F110  EMS  can  be  found  In  Ref.  1. 

The  system  generates  four  types  of  data:  Diagnostic  Data,  Parts  Life  Tracking 
Data,  Trend  Data  and  Pilot  Initiated  Data. 


Component  Interfaces 


AfMlootnpuli 

(from  oonM  and  tub^ysMRM) 


Figure  5 


Tha  EMSC  Incorporates  extensive  fault  detection  and  Isolation  logic  to  provide 
a  "real  tiM*  diagnostics  capability.  The  logic  for  the  F110  was  based  on  the 
original  F101  logic.  The  EMSC  continuously  assesses  all  Inputs  and  compares  them 
to  stored  criteria.  Nhen  a  parameter  or  a  set  of  parameters  exceed  these  stored 
values  Indicative  of  a  fault,  the  EMSC  transmits  an  appropriate  status  flag  to  the 
aircraft  avionics  for  storage,  cockpit  display  and/or  pilot  alert. 
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Concurrently  the  EHSC  stores  a  pre-pro^ranned  amount  of  parametric  data  in  its 
non-volatile  memory  for  post  flight  retrieval-  The  EMSC  diagnostics  is  structured 
to  enable  isolation  of  a  fault  to  an  engine  Line  Replaceable  Unit  (LRU)  wherever 
possible.  The  parametric  data  is  also  available  to  aid  further  troubleshooting  if 
required. 

The  EMS  has  the  capacity  for  detecting/transmitting  up  to  80  different  fault 
flags  to  the  aircraft.  This  fault  status  summary  is  known  as  the  Maintenance  Fault 
List  (HFL)  for  the  engine.  A  small  subset  of  the  MFL  comprises  the  Pilot  Fault 
List  (PFL).  The  PFL  consists  of  specific  faults  which  warrant  caution  messages  and 
alerts  to  the  pilot. 

Parts  Life  Tracking  Data 

This  data  is  computed  by  the  EHSP  and  stored  on  a  cumulative  basis.  The  data 
reflects  the  total  operating  times  and  cycles  on  the  engine  and  is  used  by  the 
ground  computer  system  to  track  life  limited  engine  components.  This  tracking 
allows  predictions  for  maintenance  planning  and  spares  provisioning. 

Trend  Data 

The  EHSC  automatically  acquires  and  stores  a  pre-programmed  amount  of 
parametric  data  during  the  take-off  sequence.  The  data  is  subsequently  transferred 
after  the  flight  and  processed/displayed  in  the  ground  computer  system.  Selected 
parameters  are  plotted  over  a  period  of  time  In  order  to  identify  any  detrimental 
trends  In  overall  engine  health. 

Pilot  Initiated  Data 

In  addition  to  the  EHS  automatically  saving  data  for  detected  faults  etc.,  the 
capability  exists  for  the  pilot  to  request  a  data  save  by  activation  of  a  cockpit 
switch.  When  so  commanded  the  EMSC  will  save  a  pre-deterrained  amount  of  parametric 
data  which  can  then  be  retrieved  post  flight  and  analyzed. 


All  of  the  EMS  stored  data  is  retrieved  via  a  single  connector,  conveniently 
located  on  the  aircraft  Remote  Status  Panel.  This  panel,  which  is  housed  in  the 
left  hand  side  of  the  inlet  structure,  also  incorporates  two  EMS  status 
indicators.  The  DDTU  is  used  to  accomplish  the  data  transfer.  Fault  and  isolation 
summary  messages  are  displayable  on  the  OOTU  together  with  the  associated 
engine/aircraft  documentary  information.  The  DDTU  can  be  used  to  download  multiple 
aircraft  prior  to  returning  to  the  maintenance  facilities/ground  computer  system 
for  data  entry  and  processing. 


OPERATIOMAL  EXPERIENCE 


F101-GE-102/B-1B 

Since  the  CITS  is  a  fully  Integrated  system,  it  was  not  possible  to  run  the 
total  system  during  factory  testing  of  the  FlOl.  Instead  the  airborne  algorithms 
were  programmed  into  a  slave  computer  and  airframe  parameters  were  simulated 
permitting  exercise  and  development  of  the  algorithms  during  factory  engine  test. 
This  proved  to  be  an  invaluable  tool.  Flight  testing  of  the  B-1B  which  has  been 
continuing  since  mid  1983  provided  a  source  for  continuing  development  but  it  is 
since  delivery  of  the  first  aircraft  in  mid  1985  that  excellent  progress  has  been 
made.  It  must  be  remembered  that  engine  monitoring  represents  approximately  10X  of 
the  Rockwell  CITS  program  and  approximately  6%  of  total  aircraft  CITS.  Thus 
software  block  updates  must  consider  many  factors,  not  only  the  engine,  and  can 
take  longer  with  this  integrated  approach.  On  the  benefit  side,  once  software 
design  and  test  Is  complete,  the  update  to  the  latest  version  happens  quickly, 
since  it  is  an  upload  by  tape  of  software  rather  than  firmware  as  in  the  case  of 
the  F110  EMS. 
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At  the  tine  of  writing  there  are  approximately  85  B-IBs  In  service  and  the 
maturation  process  Is  proceeding.  CITS  has  not.  to  date,  driven  maintenance  but 
has  been  used  for  verification  and  substantiation  of  flight  crew  reports.  As 
problems  are  solved  and  confidence  In  the  system  Is  built  up,  this  will  change. 
Progress  In  the  last  year  on  engine-related  airborne  CITS  has  been  good.  A  formal 
evaluation  performed  In  November  1987  over  a  period  of  33  flights  on  13  aircraft 
showed  that,  of  the  132  engine  flights,  125  were  fault  free,  seven  real  faults  were 
correctly  Identified  and  one  false  fault  Indicated.  False  alarms  are  driven 
primarily  by  four  factors  -  tolerances,  operational  considerations  and  flight 
envelope  considerations,  all  similar  to  the  F1 10  and  discussed  In  more  detail  In 
the  F1 10  section. 

The  false  alarm  rate  has  been  reduced  from  a  potential  of  25  per  flight,  18 
months  ago,  to  the  current  potential  level  of  two  per  flight.  “Potential"  means 
that  these  faults  do  not  occur  every  flight  but  could  possibly  occur,  depending  on 
the  mission.  Elimination  of  these  three  faults  along  with  other  Improvements  are 
planned  for  1988. 

It  Is  generally  agreed  that  maturation  of  the  engine-related  CITS  has  been 
significantly  advanced  due  to  regular  quarterly  coordination  meetings  attended  by 
all  contributors  yet  small  enough  so  that  effective  decisions  can  be  made.  A 
preliminary  version  of  the  enhanced  ground  software  Is  about  to  be  released  so  It 
Is  not  possible  to  comment  on  Its  effectiveness  but  It  Is  hoped  that  It  will 
encourage  the  use  of  CITS  airborne  data  and  aid  those  who  maintain  and  manage  the 
F101-GE-102  engines. 


F11Q-GE-100  EMS 

The  F110-GE-100  EMS  has  accumulated  significant  operational  experience  and 
widespread  usage  around  the  world.  As  of  the  end  of  1987  approximately  50000 
flights  had  been  flown  and  the  “fleet"  had  grown  to  over  250  aircraft.  The 
discussion  that  follows  summarizes  that  experience. 


EMS  False  Alarms 

The  first  F110-GE-100  powered  production  F-16  aircraft  entered  operational 
service  In  mid  1986.  Up  to  that  time  the  EMS  had  been  developed  and  "matured" 
primarily  as  a  result  of  factory  engine  test  experience  and  12  months  of  flight 
test  at  Edwards  AFB.  The  latter  Involved  experience  with  one  aircraft  and  two 
different  engines.  Although  It  might  be  considered  that  the  EMS  had  been 
sufficiently  exposed  to  an  operational  environment,  with  over  200  flights 
accumulated.  Initial  service  experience  was  to  suggest  otherwise. 

Ramstein  AB  In  Hest  Germany  was  the  first  operational  base  for  the  F110-GE-100 
powered  F-16  aircraft.  After  some  early  flight  experience  It  became  evident  that 
the  EMS  was  producing  far  more  unjustified  fault  messages  (known  as  false  alarms) 
than  had  been  expected.  During  the  latter  stages  of  flight  test,  a  false  alarm 
rate  of  approximately  one  per  ten  flights  had  been  noted,  whereas  at  Ramstein  It 
was  near  one  per  three  flights.  Despite  several  significant  successes  the  EMS 
performance  was  soon  overshadowed  by  this  false  alarm  rate  and  the  reduction 
thereof  became  a  top  priority. 

Several  factors  were  soon  Identified  as  driving  the  false  alarm  rate  and  they 
are  similar  to  other  engine  monitoring  programs  such  as  the  FlOl.  Most  could  be 
related  to  a  "real  world"  environment  versus  a  "test"  environment  as  Indicated 
below: 

0  Tolerances 

Incorrect  or  Insufficient  range/tolerances  existed  In  the  EMS  diagnostic 
routines  to  allow  for  engine-to-engine  variations. 


0  Engine  Operational  Considerations 
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Certain  engine  transient  operations  or  combinations  of  transients  appeared 
during  Initial  operations  and  requiring  modifications  to  the  diagnostic  logic. 

0  Flight  Envelope  Considerations 

Certain  areas  of  the  flight  envelope  (I.e.,  mach/altitude/engine  power 
combinations)  generated  unexpected  faults  which  also  required  logic  modification 
As  with  the  previous  category,  these  combinations  are  difficult  to  predict  and 
there  Is  probably  no  substitute  for  service  experience. 

EMS  Component  Performance: 

Overall,  ENS  component  performance  has  been  satisfactory.  Several  minor 
problems  have  been  experienced,  however,  together  with  a  number  of  EHS  Interface 
related  anomalies. 

0  Non-Volatile  Memory  Perfcrmance 

Both  the  EHSP  and  the  OOTU  use  Electrically  Erasable  Programmable  Read  Only 
Memory  (EEPROM)  as  non-volatile  storage  medium  and  both  have  experienced  some 
problems  with  these  devices.  Soft  failures  resulted  In  built-in-test  (BIT)  failure 
Indications  being  output  randomly. 


0  EMS  Interface  Anomalies 

Failure  to  transfer  data  from  the  OOTU  Into  the  ground  computer  system  has  been 
experienced  for  two  primary  reasons.  One  Involves  a  "time-out"  by  the  sending 
device  (OOTU)  while  the  ground  computer  Is  attempting  to  write  data  to  Its  hard 
disk.  This  has  now  been  overcome  by  the  Introduction  of  a  new  computer  and  the 
creation  of  a  RAM  disk  for  Initial  data  storage.  The  second  problem  Is  one  of 
"corrupted"  data  being  stored  In  the  OOTU  and  then  transfer  to  the  ground  computer 
being  prevented.  This  "locks-up"  the  DDTU,  which  then  requires  special  maintenance 
to  resolve.  This  problem  Is  to  be  addressed  In  a  proposed  update  to  the  OOTU 
operating  software. 

Demonstrated  EMS  Benefits 

Despite  the  above  problems,  significant  benefits  have  been  demonstrated. 

0  EMS/AIrcraft  Integration 

By  far  the  most  significant  EMS  Impact  during  this  Initial  service  period  has 
been  the  Improvements  In  single  engine  safety  as  a  result  of  Integrating  the  EHS 
diagnostics  outputs  Into  the  F-16  aircraft  fault  reporting  system.  This  Is 
particularly  true  for  the  Pilot  Fault  List  (PFL)  function. 

In  late  1986  and  early  1987  a  number  of  problems  related  to  the  lubrication  oil 
system  were  experienced.  The  availability  of  the  engine  PFL  allowed  the  EMS  to 
report  these  faults  to  the  cockpit  directly,  thus  providing  the  pilots  with  earlier 
warning  of  the  problem,  allowing  extra  time  to  react  and  take  appropriate  action. 
This  Integration  feature  will  undoubtably  continue  to  pay  big  dividends  over  the 
years . 

0  Line  Replacement  Unit  (LRU)  Fault  Isolation 

Nith  the  higher  than  expected  false  alarm  rate  output  from  the  EMS.  the  correct 
fault  annunciations  have  tended  to  become  somewhat  overshadowed.  The  EMS  has, 
however,  provided  a  correct  diagnosis  on  many  occasions.  These  have  Included,  not 
only  faults  with  electrical  components,  such  as  sensors.  Ignitors,  engine  controls, 
etc.,  but  also  mechanical  components  such  as  actuators  and  pumps.  The  diagnostic 
coverage  of  the  system  Is  biased  towards  the  electrical  components  and  the  majority 
of  the  detected  faults  have  been  of  that  type.  Additionally  a  number  of  faults 
have  been  correctly  detected  by  the  EMS.  but  Incorrectly  Isolated  due  to 
limitations  either  In  the  diagnostics  or  In  the  available  data  to  the  diagnostics. 
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During  this  Initial  strvica  period  It  Is  estiMted  that  approxiutely  70t  of 
all  real  faults  detected  were  also  correctly  Isolated  to  the  proper  LRU.  Continued 
refinement  to  the  diagnostics  Is  expected  to  Improve  this  figure  to  approximately 
90X.  It  Is  to  be  noted  also,  that  even  with  an  Incorrect  LRU  fault  Isolation,  the 
faulty  sub-system  Is  Identified  and  some  reduction  In  maintenance  man  hours  costs 
can  still  result. 

0  Engine  Manufacturer  Benefits 

The  data  saved  by  the  EMS  has  been  of  significant  benefit  to  GE.  It  has  aided 
In  the  Identification  and  resolution  of  early  service  problems.  Pilot  Initiated 
data  has  been  used  to  refine  the  augmentor  operability  envelope  and  to  aid  In 
analysis  of  problems.  Trend  data  Is  used  to  check  overall  engine  health  during 
acceptance  flights  at  General  Dynamics. 

Additionally,  because  the  EHS  is  on-board  all  F110-GE-100  powered  aircraft,  the 
capability  Is  provided  to  compare  any  engine  with  others  In  the  fleet. 


The  F110-GE-100  EHS  has  had  a  mixed  response  during  Its  Initial  service 
exposure.  In  general  the  pilot  community  like  the  system  and  recognizes  Its 
benefits  to  them.  The  maintenance  community  gave  It  a  somewhat  negative  reception 
Initially  partly  because  It  was  new  to  them  and  partly  due  to  the  false  alarms  and 
the  work  Impact  on  them  In  clearing  the  alarms.  This  attitude  Is  changing  with  the 
Introduction  of  Improved  EHS  diagnostic  software  and  ground  processing 
software/hardware.  The  latest  "block"  release  of  EHSP/EHSC's  Is  demonstrating  a 
false  alarm  rate  of  I  In  14  flights  (previous  version  was  1  In  3).  Also,  some 
newly  added  diagnostic  functions  are  already  Indicating  their  worth. 

The  EMS  will  continue  to  be  matured  by  a  combination  of  Improving  what  Is 
already  In  use  (both  hardware  and  software)  and  by  adding  new  capabilities. 

Current  activity  at  GE  Aircraft  Engines  Involves  development  of  the  next  "block"  of 
EHSP/EMSC  software.  The  diagnostics  Improvements  currently  Identified  are  hoped  to 
reduce  the  false  alarm  rate  to  one  In  200  flights,  as  well  as  Improve  the  LRU 
Isolation  accuracy. 

Additionally,  several  enhancements  to  the  GE  Aircraft  Engines  supplied  EHS 
ground  processing  software  are  being  evaluated  together  with  Improved  methods  of 
data  retrieval,  display  and  transfer. 


LESSONS  LEARHED 

Single  contractor  responsibility.  In  the  case  of  the  FllO-GE-lOO/F-16,  enabled 
the  development  of  the  EMS  In  a  relatively  short  period  of  time  (concept  to  flight 
test  In  24  months).  Additionally,  system  Interface  problems  were  minimized  and 
problems  that  did  arise  were  resolved  quickly. 

There  Is  no  substitute  for  operational  experience.  The  majority  of  the  false 
alarms  generated  upon  Initial  service  flying  were  Identified  within  the  first  month 
or  so  and  In  general  were  not  seen  during  flight  test.  A  3-6  month  service 
evaluation  period  (utilizing  several  aircraft/engines)  would  have  yielded 
significant  benefits  and  should  be  considered  for  future  systems  (and  system 
updates),  prior  to  production  Introduction,  If  at  all  possible. 

The  benefits  of  aircraft  Integration,  discussed  earlier,  make  this  area  vital 
for  future  systems.  The  level  of  Integration  achieved  on  the  F-)6C/D  and  the  B-IB 
reflects  the  Importance  General  Dynamics  and  Rockwell  attach  to  the  Integration  of 
sub-system  diagnostics. 

It  was  recognized  that  because  the  F110-GE-100  EMS  would  still  require  some 
maturation  after  service  Introduction,  a  means  of  building  some  flexibility  Into 
the  formal  Organizational  Level  T.O. 's  was  necessary  In  order  to  overcome  any 
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systen  shortcoal ngs .  This  flexibility  was  provided  by  the  creation  of  an  EHS  Fault 
Isolation  Manual  (FIM).  This  docunent  regains  under  GE  control  (allowing  rapid 
revisions)  for  an  agreed-to  time  period.  At  the  end  of  this  period  It  then  becomes 
the  basis  for  a  formal  T.O. 

The  availability  of  this  manual  has  allowed  the  EHS  to  direct  fllghtllne 
maintenance  whenever  possible  and  provides  a  way  to  cope  with  false  alarms  and 
other  system  limitations.  The  ‘formal**  use  of  the  EMS  at  the  fllghtllne  has 
provided  significant  visibility  and  thus  Impetus  for  the  maturation  process. 


Much  has  already  been  learned  from  both  programs  with  respect  to  the 
diagnostics  design,  the  Impact  of  false  alarms  and  the  techniques  necessary  to 
minimize  them.  Although  some  of  this  experience  Is  unique  to  the  engine 
application,  a  significant  portion  can  be  considered  generic,  and  Is  being 
Incorporated  Into  future  designs. 


FUTURE  SYSTEMS 

The  F101-6E-102/B-1B  CITS  described  above  was  designed  as  a  fully  Integrated 
system  In  that  It  Is  one  sub-system  sharing  computer  space  and  operating  system 
software  with  other  sub-systems.  The  sheer  complexity  of  this  task  creates  a 
certain  Inflexibility  and  Inertia  resulting  In  extended  maturation  of  the  system 
during  service.  On  the  other  hand  the  F110-GE-100/F-16  EMS  was  designed  as  a 
stand-alone  system  with  the  capability  of  communication  Interaction,  a  form  of 
Integration,  with  the  avionics  system.  In  fact,  much  more  Integration  has  occurred 
than  originally  envisaged.  Maintenance  procedures  for  the  F110-GE-100  engine  are 
largely  dependent  upon  the  EMS  thus  providing  Impetus  to  fix  any  problems  affecting 
aircraft  availability.  In  future.  It  Is  believed  that  there  will  be  Increased 
reliance  on  engine  monitoring  systems  and  more  Integration  with  the  aircraft 
resulting  In  more  real  time  diagnostics  and  less  raw  data. 

The  FIIO-GE-lOO  EMS  Is  the  first  production  system  to  be  Integrated  Into  an 
engine  maintenance  concept  and  largely  drive  the  fllghtllne  maintenance  effort. 

The  lessons  learned  on  this  and  the  F10I  program  to  date  are  already  Impacting  GE 
Aircraft  Engines'  designs  for  future  monitoring  systems  and  have  significantly 
Increased  awareness  of  the  benefits  of  Integrated  diagnostics  and  engine  monitoring 
as  a  whole. 

Digital  controls  provide  tremendous  advantages  to  engine  monitoring.  There  1$ 
more  electronic  Information  available  In  a  form  which  can  be  rapidly  utilized. 
Control  schedules  are  self-adjusting  closed-loop  Incorporating  some  form  of  engine 
model.  Some  degree  of  redundancy  Is  Included  which  makes  many  Line  Replaceable 
Unit  (LRU)  defects  more  Identifiable.  Many  functions  which  required  a  separate 
electronic  unit  can  be  performed  within  the  control. 

Future  trends  can  be  sub-divided  Into  short  and  long  term.  In  the  short  term, 
on-engine  boxes  such  as  the  CITS  Processor  for  the  F101  and  the  EMSP  for  the  F1 10, 
which  provide  signal  verification,  cycle  counting,  digitization  and  communication 
functions  will  become  part  of  the  control  and  thus  be  fully  Integrated.  Data  will 
continue  to  be  transmitted  over  digital  data  bus  links  to  off-engine  computers  for 
further  analysis.  Some  parameters  such  as  accelerometer  vibration  signals  will 
continue  to  require  an  analog  Interface. 

In  the  long  term  much  of  the  event  detection  and  fault  Isolation  will  be 
performed  on-engine  and  only  fault  messages  and  small  segments  of  relevant  data 
will  be  sent  to  the  aircraft  for  transmission  to  ground  systems.  Separation  of 
software  and  the  avoidance  of  throughput  penalties  In  the  control  due  to  monitoring 
functions  (e.g.,  vibration)  continue  to  be  of  paramount  Importance  and  may  dictate 
some  degree  of  separate  processors  or  even  separate  on-engine  units.  Host  current 
monitoring  systems  have  been  added  to  the  engine  and/or  aircraft  at  a  later  date. 
Future  systems  are  addressing  monitoring  requirements  at  a  conceptual  stage  and  are 
basing  Instrumentation  complement  on  requirements  and  Failure  Modes  Effects  and 
Criticality  Analysis  (FMECA)  both  of  which  may  demand  that  unique  Instrumentation 
Is  added  to  the  engine. 
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Future  Integrated  diagnostics  wist  address  all  eleoents  of  a  weapons  systen 
such  as  propulsion,  support  equIpMnt.  flight  control,  software,  avionics,  sensors 
and  Mchanical  systens.  A  cost-effective  approach  wist  be  utilized  which  Inproves 
diagnostic  effectiveness.  Improves  fault  detecti on/fault  Isolation  accuracy, 
reduces  dependence  on  ground  support  equipaent.  reduces  unscheduled  Maintenance  and 
Is  designed  In  froa  Inception.  Future  systeas  will  present  deaanding  electronic. 
Mechanical  systeas  and  rotating  Machinery  challenges.  These  can  only  be  aet  by  an 
Integrated  design  approach  which  Incorporates  Input  froa  Mechanical  and  aerodynaalc 
designers,  logistic  support  analysis,  reliability  and  Maintainability  studies  and 
Include  a  high  degree  of  coordination  between  engine  Manufacturer,  airfraae 
manufacturer  and  users. 


REFERENaS 

1.  The  FI  10  Engine  Monitoring  System.  AIAA-84-2754 
Ashby  &  Oyson 


DISCUSSION 

C.A.  KIRK 

With  regard  to  the  FlOl  engine  aonitoring  susteB»  could  you  elaborate 
on  why  three  acans  are  taken  at  30  second  intervals  when  an  event  is 
detected? 

Author's  Reply: 

The  logic  relating  to  event  data  storage  was  probably  iiiven  by  air- 
frasie  requireoents.  Since  the  central  CITS  airborne  computer  treats 
all  CITS  maintenance  codes  the  same  way,  the  engine  data  is  treated 
siollarly. 

I  should  stress  that  this  is  not  an  ideal  situation  and  if  we  had  to 
design  this  system  to-day  we  would  hope  to  influence  data  retention 
more  along  the  lines  of  the  P110<-GE-100  EMS. 

G.  TANKER 

Will  there  be  a  conflict  in  criticality  when  integrating  engine  moni¬ 
toring  functions  into  the  control  system? 

Author's  Reply: 

We  are  adopting  an  integrated  but  separate  approach.  A  "CPU"  is  dedica¬ 
ted  to  engine  monitoring  within  the  same  box  as  the  control. 
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StRtlABY 

This  paper  describes  the  design.  Introduction  and  development  of  expanded 
commercial  engine  monitoring  systems  by  GE  Aircraft  Engines.  The  history  of 
present  systems  Is  outlined  starting  from  the  Introduction  on  the  CF6-80A3  engine 
for  the  A310  aircraft  of  the  Propulsion  Multiplexer  (PMUX)  which  has  led  to  similar 
systems  on  the  CF6-80C2  engine.  The  Impact  of  the  full  authority  digital  control 
on  future  system  Is  also  discussed. 

The  Introduction  and  application  of  the  Ground-based  Engine  Monitoring  (GEM) 
software  developed  by  GE  In  conjunction  with  several  airline  users  Is  recounted. 
This  Is  an  on-going  team  effort  with  the  users  playing  a  key  role  and  where 
Individual  airlines  have  added  unique  features.  Integrated  with  GEM.  Into  their  own 
operations.  The  original  software  development  occurred  In  parallel  with  the 
expanded  sensor  complement  and  digitlaatlon  of  data.  A  description  of  the 
functions  of  a  typical  ground  software  program  Is  provided  together  with  proposed 
Improvements  and  future  directions. 


IHTROOUCTiai 

The  Introduction  of  "on  condition"  maintenance  concepts  for  high  bypass 
turbofan  engines  encouraged  the  use  of  advanced  engine  monitoring  techniques. 
Although  GE  had  participated  In  several  monitoring  programs  to  support  the  CF6-6 
and  CF6-50.  the  CF6-80A3  engine  on  the  A310-200  aircraft  for  KLM  and  Lufthansa 
Airlines  was  the  first  to  be  equipped  with  expanded  capabilities.  These 
capabilities  Included  sufficient  Instrumentation  for  modular  performance 
assessments,  an  expanded  aircraft  data  system  and  an  analytical  ground  software 
program. 

Many  airlines  have  In  fact  utilized  engine  monitoring  techniques  for  a  number 
of  years,  driven  by  the  Introduction  of  *on-condlt1on"  concepts  in  the  late 
1960's.  Initially,  expanded  Instrumentation  complements  resulted  In  widespread 
systems  problems,  many  associated  with  the  transmittal  of  analog  signals  over  long 
distances  In  aircraft.  The  Introduction  of  the  PMUX  on  the  CF6-80A3  engine,  with 
the  associated  transmittal  of  highly  accurate,  reliable  digital  data,  was  a  key 
factor  In  making  the  expanded  engine  monitoring  approach  work.  The  functions  of 
the  PMUX  are  now  being  Incorporated  Into  the  new  generation  of  full  authority 
digital  electronic  controls  with  resultant  reduction  of  unique  monitoring  hardware 
and  software,  yet  with  a  further  expansion  of  capabilities. 

The  ground-based  engine  condition  monitoring  (GEM)  software  for  many  GE  and  CFM 
International  powered  aircraft  Is  described.  This  GEM  system  provides  the 
capability  to  monitor  and  analyze  a  wide  range  of  engine  thermodynamic  and 
mechanical  measurements  with  a  single,  flexible  computer  program. 
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Heasurenents  acquired  ulth  the  standard  engine  Instrumentation  as  well  as 
extended  monitoring  Instrumentation  If  available,  are  recorded  during  normal  engine 
operation.  These  data  are  generally  stored  for  subsequent  retrieval  using  an 
on-board  data  acquisition  system.  The  data  recorded  during  flight,  along  with  test 
cell  performance  measurements,  are  Input  Into  the  airline's  computer  system  for 
ground-based  processing  with  the  GEH  system.  The  results  from  the  GEM  processing 
are  made  available  to  various  airline  organizations  In  order  to  monitor  and  manage 
the  engines  within  their  fleet. 

The  GEH  monitoring  system  Is  designed  to  provide  an  airline  with  a  valuable 
tool  with  which  to  manage  its  aircraft  engines  relative  to  such  concerns  as  safety, 
availability,  maintainability,  fuel  costs,  and  Improved  performance. 

Directions  for  the  future  show  that  some  of  the  functions  which  are  presently 
performed  on  the  ground  will  be  performed  airborne  where  useful  to  flightline 
operations.  Airborne  diagnostics  will  be  enhanced  and  results,  rather  than  raw 
data,  will  be  transmitted  across  the  avionics  data  bus  thus  making  available  to  the 
line  mechanic  useable  Information  for  accomplishment  of  his  maintenance  tasks.  The 
paper  concludes  with  a  discussion  of  these  future  plans  for  commercial  engine 
monitoring  and  current  operational  experience. 


SYSTEM  DESCRIPTION 


On-Enalne  Hardware 

The  PHUX  was  developed  to  provide  consistent,  accurate  data  suitable  for  gas 
path  analysis  or  modular  fault  Isolation.  It  Is  a  convection-cooled, 
microprocessor-based  unit  which  houses  pressure  transducers,  signal  conditioning 
and  analog  to  digital  conversion.  It  has  extensive  built-in-test  and  signal 
validity  checks.  All  of  the  signals  critical  to  the  gas  path  analysis/modular 
fault  Isolation  function  are  routed  through  the  PHUX  to  maintain  consistent, 
accurate  data,  other  than  Hi.  TMC  and  TLA,  which  are  processed  by  the  Power 
Management  Control  (PMC)  and  made  available  on  the  digital  data  link. 


CF6-80  Condition  Monitoring  Parameters 


The  Instrumentation  complement  for  the  CF6-80A3  engine  Is  shown  In  Figure 
No.  1.  Instrumentation  for  the  CF6-80C2  Is  essentially  the  same.  These  sensors 
can  be  sub-divided  Into  the  following  categories: 
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A.  Signals  required  for  Indicatlon/control  purposes  and  routed  through  the 
Propulsion  Multiplexer  (PMUX)  or  Power  Managenent  Control  (PMC): 

-  Fan  Speed  (N1) 

-  Core  speed  (N2) 

-  Throttle  Lever  Angle  (TLA) 

-  Fuel  Flow  (NF) 

-  Main  Fuel  Flow  Torque  Motor  Current  (TMC) 

-  LP  Turbine  Inlet  Tewperature  (T49) 

B.  Additional  signals  required  for  Engine  Monitoring  which  are  routed  through 
the  PMUX: 

-  Fan  Discharge  Static  Pressure  (PS14) 

-  Coeqiressor  Inlet  Pressure  (P25) 

-  Coaq>ressor  Inlet  Tenperature  (T25> 

-  Coaq)ressor  Discharge  Static  Pressure  (PS3) 

-  Coeipressor  Discharge  Teegierature  (T3} 

-  LP  Turbine  Inlet  Pressure  (P49) 

-  LP  Turbine  Discharge  Teaq>erature  (T5) 

-  Variable  Bypass  Valve  Position  (VBV) 

-  Variable  Stator  Vane  Position  (VSV) 

C.  Additional  signals  required  for  Engine  Monitoring  but  not  routed  through 
the  PMUX  or  PMC: 

-  #1  Bearing  (Fan)  Internal  Accelerometer 

-  Alternate  Fan  Frame  External  Accelerometer  (Optional) 

-  Compressor  Rear  Frame  External  Accelerometer 

-  Nacelle  (core  compartment)  Temperature  (TNAC) 

D.  Aircraft  parameters  required  for  engine  monitoring  (not  Including  anti-ice 
and  bleed  discretes): 

-  Pressure  Altitude  (PO) 

-  Total  Air  Temperature  (TAT) 

-  Aircraft  Mach  No.  (MN) 

-  Other  Instrumentation  available  as  part  of  the  Inflight  data  record 
consisting  of  oil  temperature,  oil  pressure  and  oil  quantity. 

The  Interfaces  with  the  PMUX  and  PMC  are  shown  In  Figure  No.  2. 


CF6-80C  Fan  Compartment  Interface 
Wiring  and  Connector  Schematic 


Figure  2 
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The  PMUX  Is  Mounted  on  the  engine  fan  case.  Electrical  leads  are  combined  In  a 
harness  and  routed  from  the  core  to  the  fan  compartment  and  to  the  PHUX.  The 
pressure  sensors  (sources)  are  connected  by  tubing  to  the  pressure  transducers 
which  are  contained  within  the  PNUX  unit.  In  addition  a  raw  N2  (core)  signal  Is 
routed  to  the  PHUX  and  an  ARINC  data  link  connects  the  PMC  to  the  PMUX.  Thus,  the 
PMUX  accepts  analog  and  digital  Inputs  from  various  added  and  existing  engine 
sensors.  These  Inputs  are  conditioned,  multiplexed,  and  converted  to  digital 
format  (ARINC  429)  for  output  to  the  Aircraft  Integrated  Monitoring  System  (AIMS). 

In  addition,  an  encoded  Engine  Serial  Number  plug  (ESN),  lanyarded  to  the  fan 
case.  Interfaces  with  the  PHUX  and  provides  the  means  for  “Tagging"  acquired  data 
with  the  appropriate  engine  serial  number. 

A  more  detailed  description  of  the  hardware  Is  contained  In  Ref.  1. 

Instrumentation  for  the  Full  Authority  Digital  Controlled  (FAOEC)  CF6-80C2B 
IF/DIF  and  CFM56-5  Is  similar  to  that  described  above,  but  the  system  no  longer 
requires  a  separate  PHUX.  The  functions  of  the  PHUX  are  contained  within  the  FADEC 
which  provides  the  signal  conditioning  and  the  digital  Interface  with  the  aircraft. 
The  parameters  which  required  an  analogue  Interface  (e.g.  vibration)  still  require 
that  Interface  In  this  first  generation  of  FADEC  controlled  engines.  It  is 
anticipated  that  future  applications,  such  as  the  GE36  engine  for  the  UDF^M, 
possess  a  purely  digital  link  with  the  aircraft.  (See  Figure  No.  3).  The  majority 
of  the  engine  monitoring,  fault  Isolation  and  detection  will  be  performed  on 
engine.  Space  and  flexibility  considerations  are  presently  dictating  that  there  be 
two  on-engine  boxes,  one  for  control  and  flight  critical  purposes  and  the  other  for 
engine  monitoring. 

Option  for  Proposed  Advanced  System 


Eng.  alt.  pwr 


Figure  3 
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Ground-Based  Engine  Monitoring 

The  flow  of  engine  monitoring  data  1$  shown  In  Figure  No.  4.  The  Ground-based 
Engine  Monitoring  (GEM)  system  provides  the  capability  of  handling  a  wide  range  of 
engine  thermodynamic  and  mechanical  functions  (see  Figure  No  5)  within  a  single 
very  flexible  program.  The  software  was  developed  as  a  co-operative  effort 
Involving  GE  and  a  group  of  airlines  (originally  KLH.  Lufthansa  and  SAS).  The 
resulting  design  Is  shown  In  Figure  No.  6. 


Schematic  of  Engine  Monitoring 
Information  Flow 


Figure  4 


Ground-based  Engine  Monitoring  System 
Analysis  Functions 


FuncJion 

Purpose 

On-wing  temper* 

Analyze  cruise  gas  path  data  to  determine  overall 
engine  and  rrxxlule  health 

Test  cell  temper* 

Analyze  acceptance  test  gas  path  data  to  determine 
overall  engine  arxf  module  health 

Takeoff  margin  assessment 

Analyze  takeoff  data  to  determine  the  EGT  margin  of 
the  engine 

Control  schedule  analysis 

Compare  measured  control  variables  to  nominal 
schedules  and  Nmits 

Vibration  trend  analysis 

Compare  measured  vibrations  to  limits  to  identify 
potential  imbalances 

Fan  rotor  imbalance 

Use  measured  fan  vibration  amplitude  and  phase  angle 
to  determine  balance  weights  to  correct  fwt  imbalance 

Fleet  average 

Compute  fleet  statistics  for  engine  family  and 
identify  low  performing  engines 

I  *For  tuMtm  anglrw  mocUt  pailomwno  etimMon  fouin* 

Figures 
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GEM  Software  System  Architecture 


Maintenance  reports  Alert  Message  Trend  plots,  etc. 


Figure  6 

The  GEH  program  monitors  and  analyzes  performance  trends,  take-off  margin, 
control  schedules,  vibration  trends  and  fan  rotor  Imbalances.  In  addition.  It 
Incorporates  the  Turbine  Engine  Nodule  Performance  Estimation  Routine  (TEMPER),  a 
program  used  to  diagnose  engine  modular  performance  In  airline  test  cells.  GEM 
extends  the  TEMPER  program  to  the  analysis  of  Installed  cruise  data  In  order  to 
provide  modular  performance  estimates  and  trends. 

the  GEM  system  started  as  a  GE/AIrllne  team  effort  for  the  CF6-80A3  engine  on 
the  Airbus  A310-2(X)  aircraft.  GE  Aircraft  Engines,  KLM,  Lufthansa  and  SAS,  along 
with  Airbus  Industrie,  worked  together  to  define,  develop.  Implement  and  refine 
this  extensive  monitoring  system.  CFM  International  and  other  airlines  using  GEM 
have  Joined  this  effort  during  recent  years.  GE's  participation  has  Included  the 
development  of  the  GEM  nucleus  of  analytical  .functions,  within  a  mutually  agreed 
software  structure,  to  manage  the  data  flow.  A  general  architecture  for  GEM  Is 
shown  In  Figure  No.  7.  On  the  airline  side,  each  user  has  developed  Individual 


GEM  Software  Architecture 


Figure  7 
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software  to  pre-process  the  engine  data  and  has  defined  output  display  formats  In  a 
manner  compatible  with  their  own  operation.  Further,  they  have  contributed  to  the 
overall  design  and  Implementation  of  the  system.  A  description  of  Implementation 
of  GEM  monitoring  at  KLH  and  Lufthansa  can  be  found  In  Ref.  2  and  Ref.  3. 

As  the  GEM  program  has  been  Implemented  the  airlines  have  started  to  rely  on 
alert  summary  reports  to  monitor  the  engine  trends  for  their  fleets  Instead  of 
dally  examination  of  Individual  trend  charts.  The  engine  trend  analyst  at  each 
airline  Interrogates  the  alert  summaries  and  can  obtain  supplemental  Information 
using  a  menu  of  available  plots  In  order  to  Investigate  any  particular  alert. 
Generally,  previous  trends  for  the  engine  are  retrieved  from  the  airline's  history 
files,  which  might  Include  codes  Indicating  maintenance  performed  on  the  engine. 
Based  on  this  examination,  the  analyst  will  recommend  appropriate  actions.  Efforts 
continue  to  fine-tune  the  trend  recognition  routine  In  order  to  reduce  some  of  the 
unnecessary  alerts. 

Another  significant  advance  Is  the  use  of  cruise  acquired  vibration  data  to 
perform  fan  trim  balances  without  expensive  ground  runs.  Lufthansa  has 
successfully  used  this  procedure  to  balance  their  CF6-80A3  fans  to  keep  fan 
vibrations  well  below  limits  using  an  auxiliary  PC  program  which  they  developed  and 
which  will  be  Incorporated  In  GEM  at  a  later  date.  The  benefit  to  Lufthansa.  In 
addition  to  the  avoidance  of  ground  runs.  Is  extended  life  for  accessories  and 
parts  (such  as  brackets)  which  are  affected  by  high  vibration.  In  this  system, 
both  fan  vibration  amplitude  and  unbalance  phase  angle  are  acquired  during  cruise. 
Back  on  the  ground,  these  data  are  used  to  project  appropriate  weight  changes; 
these  are  done  by  changing  the  configuration  of  the  balance  bolts.  Nhen  fan 
vibration  trends  Increase,  the  airline  can  make  corrections  based  on  cruise  data 
alone,  without  extensive  (and  expensive)  ground  operation.  Similarly,  engine 
control  parameters  ~  Variable  Stator  Vane  (VSV)  setting.  Variable  Bypass  Valve 
(VBV)  position,  and  torque  motor  current  —  are  monitored  to  promote  maximum  fuel 
efficiency. 

Some  Airlines  have  added  a  number  of  features  to  Integrate  the  GEM  system  with 
their  own  operations.  These  Include  features  to  process,  store  and  present  GEM 
data  automatically.  KLM  retrieves  data  from  their  on-board  system  using  cassette 
tapes  containing  data  sampled  throughout  the  flight  from  which  readings  are 
selected  for  batch  GEM  processing.  Lufthansa,  on  the  other  hand,  uses  optical 
scanners  to  read  data  from  Its  on-board  system’s  printed  reports;  these  are  then 
loaded  Into  the  main  computer  via  their  worldwide  reservation  system.  Lufthansa 
has  thus  developed  a  virtual  real-time  system  In  which  GEM  results  are  available  to 
their  analyst  within  a  few  hours  of  the  airplane's  landing.  These  GEM  results  are 
also  available  to  GE  via  a  direct  data  link,  provided  by  Lufthansa,  between  the  GE 
Product  Support  Center  In  Cincinnati  and  Frankfurt,  Germany. 

GEM  was  originally  designed  for  the  CF6-80A3  In  the  A310-200  application  but  It 
has  been  expanded  over  a  period  of  years  to  Incorporate  various  GE/CFMI  engines  and 
applications,  the  latest  of  which  Is  the  CFM56-S  In  the  A320  (see  Figure  No.  B). 

The  prime  purpose  of  the  latest  software  release  Is  to  Include  this  first  FAOEC 
controlled  engine  as  part  of  what  Is  now  known  as  "universal"  GEM.  Instrumentation 
limitations  on  certain  engines  do  not  allow  for  the  Implementation  of  all 
analytical  functions  to  all  engines.  The  functions  available  by  engine  model  are 
shown  In  Figure  No.  9. 


OPERATIONAL  EXPERIEWCE 

Considerable  operational  experience  has  been  obtained  from  the  CF6-B0A3 
engine.  This  experience  Is  now  being  extended  with  the  CFB-BO  and  CFM56  families 
of  engines.  A  number  of  problems  have  occurred  a11  of  which  have  been  addressed  In 
latest  releases. 

0  Pressure  transducers  were  affected  by  service  generated  contamination  and 
moisture.  Design  changes  to  the  transducer  and  pressure  tubes  were 
required  In  order  to  overcome  the  problem. 
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Latest  GEM  Engine/Aircraft  Applications 


A300 

-200 

A300 

-600 

A310 

-200 

A320 

B737 

-300 

B747 

-200 

B747 

-300 

B767 

-300 

DC-10 

-30 

A310 

-300 

CF6-80A3 

X 

CF6-80C2 

X 

X 

X 

X 

X 

CF6-5CIC/C-I- 

X 

X 

CF6-50C2 

X 

X 

CF6-50E2 

X 

X 

CFM56-3 

X 

CFM56-5 

X 

Figure  8 


Universal  GEM  Analytical  Monitoring  Functions 


Analvlic«l  lunclion 

CF640A3 

CF880C2 

CF6-50C 

CF6-50C2/E2 

CFMS84 

CFMS6-S 

A)  On  wing  parlormance 
analysis  (1) 

Yes 

Yes 

Yes 

Yes 

Yes  (3) 

Yes  (3) 

6)  Test  ctf  I  performance 

Yes 

Yes 

Yes 

Yes 

Yes 

No 

C)  T/0  EOT  margin/ 
SL0ATL(2) 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

0)  SLOATL  with  cruise 
update 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

E)  Engine  controls  (2) 

Yes 

Yes 

N/A 

N/A 

N/A 

N/A 

F)  Vibration  trending  (2) 

Yes 

Yes 

Yes 

Yes 

Yes  (4) 

Yes 

G)  Fan  rotor  Imbalance  (2) 

Yes 

Yes  (5) 

N/A 

N/A 

No 

No 

H)  Reduced  tan  speed 
summary 

No 

No 

Yes 

Yes 

No 

No 

1)  08  monitonng  (AIMS) 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

J)  Limll  exceedanoa 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

K)  Trend  recognition 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

(.1  MisceHanoous  alerts  (2) 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

M)  Fleet  average 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

N)  SimuMlon 
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Yes  (8) 

No 

0)  Nacelle  temperature 
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No 
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(3)  Trandaig  ci^My  (no  modula  anriyata)  (VI  Taoi  cal  only 

Figure  9 

0  Low  Input  impedance  cockpit  instrumentation  affected  the  shared  EGT  signal. 

0  Incompatibilities  were  generated  due  to  late  and  seemingly  insignificant 
design  changes  between  the  LVOT  sensor  and  the  PHUX  which  provides 
excitation  and  signal  conditioning. 

0  Initial  software  trend  shift  recognition  and  alerting  features  produced  an 
unacceptable  number  of  false  or  unnecessary  warnings  to  the  airline 
analysts.  These  continue  to  be  refined  based  on  operating  experience. 

0  Initial  cruise  trends  exhibited  an  unacceptable  amount  of  scatter. 

Replacement  cruise  reference  baselines  were  required  which  better  matched 
the  engine  operating  characteristics  in  revenue  service. 


Ja 
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Lufthansa  are  reporting  quantifiable  savings  through  diligent  use  of  the 
systeii.  It  Is  reported  that  early  failure  detection,  reduction  In  the  number  of 
line  station  removals,  optimum  scheduling,  "cold*  fan  trim  balancing  and  Improved 
engine/module  management  are  providing  reductions  In  material,  manpower, 
maintenance,  fuel  and  overhaul  repair  costs.  Other  non-quantiflable  benefits  are 
also  reported  such  as  reduced  out-of-service  time,  reduced  secondary  damage. 
Improved  flight  safety  standards.  Improved  troubleshooting  and  the  ability  to 
handle  large  fleets. 

A  number  of  recommendations  can  be  made  In  terms  of  general  monitoring  system 
activity: 


Hardware; 

0  The  engine  monitoring  program  should  be  established  up  front.  Design  of 
auxiliary  systems  subsequent  to  design  of  the  basic  engine  and 
configuration  hardware  adds  expense  and  “less  than  best"  compromises. 

0  The  engine  monitoring  system.  Including  the  off-engine  software,  should  be 
approached  just  like  any  other  engine  sub-system.  It  should  be  Included  on 
all  factory  and  flight  test  engines  and  certified  like  any  other  engine 
sub-system. 

0  A  thorough  analysis  of  electrical  characteristics  both  between  components 
within  the  system  and  between  the  various  Interfacing  aircraft  systems  Is 
essential.  Certain  sensors  and  Instruments  are  sometimes  derivatives  from 
earlier  systems  and  are  Included  to  maintain  commonality  of  hardware. 

Their  operation  In  the  new  system  can  prove  to  be  Incompatible.  Use  of 
cockpit  Instrumentation  with  low  Input  Impedance  characteristics  must  be 
avoided. 


Software: 

0  Sufficient  time  must  be  provided  to  develop  and  check  out  such  a  software 
system  between  the  definition  of  the  specification  requirements  and  the 
Implementation  In  a  production  environment. 

0  Development  of  a  new  software  system  concept  will  benefit  from  Initial 
prototype  application  to  gain  operating  experience  which  can  be  used  to 
finalize  the  software  design. 

0  A  design/development  team  with  strong  airline  participation  can  address  the 
real  operating  conditions  and  requirements  for  the  monitoring  system.  The 
system's  value  will  thereby  be  greatly  enhanced. 

0  Too  much  Initial  flexibility  and  optional  operating  modes  slows  down 
development  and  can  overwhelm  new  users. 

0  Standard  and  rigid  Interfaces  are  required  for  the  software  system. 

0  It  must  be  possible  to  refine  the  system  as  operation  experience  dictates. 


FUTURE 

Military  and  commercial  operators  have  traditionally  taken  different  approaches 
to  engine  monitoring.  The  airlines  have  historically  been  Interested  In 
performance  monitoring.  They  ask,  "Is  the  engine  performance  trend  changing,  and 
If  so,  what  maintenance  will  we  need  to  schedule?"  The  military,  on  the  other 
hand,  has  been  more  interested  In  Line  Replaceable  Units,  fault  Isolation  and 
engine  go/no-go  decision-making  using  existing  Indication  and  control  parameters. 
They  ask  "Is  the  engine  available  and  will  It  complete  a  mission;  If  not,  what  do 
we  have  to  do  to  fix  It?" 
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Today's  monitoring  systems  have  Improved  to  the  point  where  both  groups  are 
finding  them  cost-efficient  and  effective.  As  with  many  good  things,  success  does 
not  come  without  a  major  contribution  from  the  users  themselves.  Today  GE's  custo¬ 
mers  know  what  they  want  and  why  they  want  It.  They  are  prepared  to  dedicate 
personnel  who  will  understand,  maintain,  and  utilize  the  system. 

In  the  future,  analysis  of  on-wing  modular  performance  promises  to  better 
manage  engine  maintenance.  Some  organizations  envision  the  time  when  shop 
refurbishment  workscopes  might  be  largely  defined  prior  to  engine  removal  based  on 
the  assessment  of  modular  performance  changes.  This  would  be  far  more  efficient 
than  the  “once-we-get-1t-apart-we'll-know-what-we-  have-to-do“  method  of  engine 
analysis.  Future  airline  plans  might  Include  the  reduction  or  avoidance  of  test 
cell  acceptance  runs,  refined  cycle  counting,  APU  health  monitoring  and  Improved 
Integrated  aircraft  performance  monitoring. 

The  success  of  the  A310/CF6-80A3  GEM  system  has  led  to  expansion  of  the 
monitoring  capabilities  to  other  applications.  Universal  GEM  Includes  monitoring 
capabilities  for  the  CF6-80C2.  CF6-50.  CFM56-3  and  CFM56-5  In  addition  to  the 
CF6-80A3.  It  provides  a  single  monitoring  system  to  use  with  all  the  CF6  and  CFMI 
engine  models.  Refinement  of  the  monitoring  software  continues  based  on  airline 
operational  experience.  Use  of  GEM  has  been  restricted  to  a  limited  but  expanding 
number  of  airlines  during  this  development  period.  At  the  beginning  of  1988,  GEM 
Is  operational  at  Air  Frame,  ICLM,  Lufthansa  and  SAS  with  efforts  underway  to 
Install  the  system  at  Air  Inter,  Air  Portugal  (TAP),  Quantas  and  Thai  International 
later  In  the  year. 

Engine  monitoring  systems  are  coming  of  age.  Recent  advances  have  Included: 

0  Development  of  miniaturized  electronics  which  can  exist  In  a  harsh 
environment. 

0  Introduction  of  digital  controls  on  an  Increasing  number  of  engines  such  as 
the  CFM56-S  and  CF6-80C2.  Digital  controls  reduce  the  need  for  unique 
monitoring  Instrumentation,  provide  highly  accurate,  reliable  digital  data 
and  perform  Improved  fault  Isolation. 

0  Development  of  software  analysis  techniques  and  availability  of  computer 
facilities  to  guide  troubleshooting,  maintenance,  logistic  support  and 
planning. 

Military  and  commercial  philosophies  will  come  together  In  the  next  generation 
of  advanced  engines  which  will  Incorporate  performance  monitoring,  modular  health 
analysis.  Line  Replaceable  Unit  fault  isolation,  vibration  monitoring,  fan  trim 
balance  and  control  system  programs.  Such  systems  can  reduce  ground  support,  make 
the  engine  easier  to  support,  track  warranty  provisions,  control,  and  reduce  the 
cost  of  ownership  for  all  users. 


REFERENCES 

1.  CF6-80  Condition  Monitoring  -  The  Engine  Manufacturer's  Involvement  in  Data 
Acquisition  and  Analysis.  AIAA-84-1412 

Dyson  and  Doel 

2.  Introduction  and  Application  of  the  General  Electric  Turbine  Engine  Monitoring 
Software  within  KLM  Royal  Dutch  Airlines.  ASME-87-GT-167 

Lucas  and  Paas 

3.  Engine  Condition  Monitoring  -  Two  System  Perspectives.  ATA  E&M  Forum,  Oct.  1985 

Tykeson  and  Dienger 

! 


22  11 


DISCUSSION 

H.J.  LIOTTFUSS 

You  have  aentioned  oany  airlines  which  are  using  your  system  and  others 
which  are  interested.  But  all  these  airlines  are  European.  Why  are 
the  US  airlines  not  interested  in  this  system? 

Author's  Reply: 

The  observation  is  correct  that  only  European  airlines  are  currently 
using  GE  Aircraft  Engine's  expanded  monitoring  capabilities.  Additional 
European,  Asian  and  Australian  operators  are  Implementing  the  expanded 
monitoring  capability. 

On  the  other  hand,  the  US  airlines  use  "basic"  engine  trending  proce¬ 
dures.  It  is  important  that  individual  airlines  select  approaches  to 
monitoring  which  are  consistent  with  their  own  engine  maintenance  prac¬ 
tices.  Additional  airline  resources  are  required  in  order  to  introduce 
and  maintain  the  extended  monitoring  capabilities. 

M.J.  SAPSARD 

1.  What  differences,  if  any,  have  you  found  between  instrumentation 
requirements  for  performance  and  control? 

2.  What  "snapshot"  length  do  you  use  for  the  three  windows  you  describe? 

3.  Can  you  correlate  the  data  collected  during  the  cruise,  the  take¬ 
off  and  teatcell  conditions? 

4.  What  is  your  diagnosis  success  rate,  are  there  modules  particularly 
difficult  to  diagnose? 

5.  Is  your  system  a  ground  based  system  which  can  accept  data  from 
any  EMU  supplier,  rather  than  a  combined  airborne/ground  system? 

Author's  Reply: 

1.  In  the  current  systems  providing  expanded  measurments  for  monitoring, 
^(UX  and  additional  sensors  were  designed  to  yield  accurate,  reliable 
and  repeatable  data  for  monitoring.  Similar  sensors  are  included  in 

the  new  digital  engine  controls  (FADEC)  which  provide  suitable  signals 
for  monitoring. 

2.  The  onboard  DMU's  (data  management  units)  have  been  programmed  with 
different  criteria  used  to  acquire  appropriate  T/0  readings  and  stable 
cruise  measurements.  The  T/0  readings  are  taken  over  a  relatively  short 
period  of  time  due  to  the  transient  conditions.  These  are  generally 
triggered  to  provide  consistent  conditions  near  the  maximum  EGT.  At 
cruise  conditions,  the  consistent  data  quality  is  sought  by  establishing 
a  criteria  requiring  stable  engine  and  aircraft  cruise  data  at  the 
airline's  desired  frequency.  Thus  an  overly  restrictive  selection  cri¬ 
teria  might  result  in  insufficient  monitoring  data,  while  wider  tole¬ 
rance  bands  or  shorter  time  frames  might  produce  inacceptable  data 
scatter. 

3.  Monitoring  data  collected  at  various  operating  conditions  (cruise, 
takeoff  and  testcell)  generally  are  not  correlated  in  the  current  ver¬ 
sion  of  the  GEM  software.  However  there  is  a  GEM  feature  which  produces 
estimates  of  T/0  EGT  margin  (or  outside  air  t**  limit  -  OATL)  based 

on  changes  in  BGT  trends. 

4.  The  GEM  oiodular  analysis  routine  is  designed  to  statistically  provide 
the  most  probable  assessement  of  engine  health  based  on  measurements 

of  the  expanded  instrumentation.  Our  experience  has  been  that  deviations 
in  the  performance  of  the  high  pressure  components  can  be  detected 
more  readily  than  the  separation  of  the  low  pressure  component  devia¬ 
tions  between  the  fan  and  low  pressure  turbine. 
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5.  Th«  data  input  to  the  GEM  prograa  is  required  to  be  in  a  specific 
foraat  that  was  mtually  agreed  upon  by  G£  and  the  participating  air- 
llnea.  GQ(  is  not  linked  with  any  particular  acquisition  systea.  It 
is  assumed,  however,  that  the  input  aeasureaents  have  been  accurately 
acquired  under  appropriate  conditicMis. 


/ 


! 
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THB  APVAirrXGg  OP  k  THRUST  RATIMG  CONCEPT 


R.  ThaiMr 

MTU  Notor«n-  und  Turblnft&-Unlon  MUnchen 
Dachauar  8tr«  665«  8000  MQnchen  50 
Federal  Republic  of  Geraany 


The  control  systen  of  the  8B1^9  engine  waa  designed  for  a  rating,  using  the 
HP*-turblne  inlet  teeperature  as  a  lisd.ter.  The  engine  has  now  been  in  service  for 
seven  years  and  still  uses  the  original  concept  throughout  all  fleets  in  United 
Xingdofs,  Italy  and  Germany,  although  new  digital  engine  control  units  are  being 
introduced  which  will  allow  considerable  improvements. 

For  some  fleets  a  thrust  rating  concept  based  on  the  original  control  system 
design  has  been  Installed  recently.  In  this  paper  the  concept  is  described  and  the 
procedure  explained.  A  comparison  is  made  between  the  existing  full  thrust  concept  at 
the  maximum  cleared  HP  turbine  temperature  and  the  applied  thrust  rating  concept. 
Besides  the  basic  behaviour  of  seal  gaps,  the  influence  of  thrust  rating  in  view  of 
the  life  usage  of  life-limited  parts  as  well  as  in  the  change  of  the  maintenance 
material  costs  is  explained.  The  aasui^tions  for  the  comparison  with  their  backround 
are  decribed.  Finally,  a  refined  thrust  rating  concept  is  introduced.  This  concept  is 
based  on  the  existing  turbine  blade  temperature  schedule  but  trimmed  so  that  with  the 
existing  DBCU,  an  automatic  thrust  compensation  setting  for  engine  deterioration  and 
varying  ambient  temperatures  is  possible  for  take-off  and  in-flight  conditions.  The 
basic  assumptions  for  the  refined  system  are  explained  and  the  fundamental  control 
laws  for  verification  are  described. 


Digital  engine  control  unit 
Deterioration  factor 
Engine  flying  hours 
Engine  thrust 
Fuel  air  ratio 
Low  cycle  fatigue 
Fuel  flow,  main  engine 
Fuel  flow,  reheat 

Main  engine  control  unit  (analog  system) 

Maintenance  material  costs 

Low-pressure  spool  speed 

Intermediate-pressure  spool  speed 

High-pressure  spool  speed 

On-board  life  consumption  monitoring  system 

Static  atmospheric  pressure/temperature 


Total  ram  pressure 
Pilot's  lever  angle 
Total  temperature  at  engine  Inlet 
Turbine  blade  temperature  (IF  turbine) 


HP-turbine  stator  outlet  tes^rature 


lltTRODOCTXOM 

The  owner  of  a  fighter  fleet  demands  that  the  thrust  offer  of  the  engine,  the 
flight  readiness,  and  the  cost  of  ownership  are  well  balanced  and  optimized  for  the 


individual  mission  requirements.  The  thrust  setting  influences  these  parameters  con¬ 
siderably. 

The  customer  may  decide  to  run  engines  over  their  lifetime  to  full  available 
thrust  (i.e.  constant  cleared  SOT)  in  order  to  fulfil  specific  mission  requirements. 
The  thrust  rating  concept  however  best  fulfils  the  demands  for  easier  mission  planning 
and  better  flight  readiness  at  lower  cost  of  ownership. 

The  RB199  engine  and  its  control  system  has  been  designed  for  a  limiting  HP 
turbine  stator  outlet  temperature  rating.  This  concept  was  maintained  thoughout  the 
^ole  development  programme  and  in  the  production  phase.  Although  nowadays  fleets  in 
the  United  Kingdom  and  West  Germany  are  being  equipped  with  digital  engine  control 
units  the  basic  control  laws  of  the  main  engine  control  unit  (analog  system)  have  been 
maintained  for  simularity  and  interchangeability  reasons. 

With  a  careful  choice  of  suitable  existing  engine  parameters  and  the  definition 
of  a  manageable  procedure  however  a  thrust  rating  concept  has  been  established,  %diich 
is  now  in  use  at  several  wings. 

In  this  paper  the  applied  thrust  rating  procedure  and  its  benefits  are  explained. 
With  the  use  of  a  DECU  with  its  flexibility  and  capacity  a  refined  thrust  rating  and 
automatic  setting  proceJiire  can  be  introduced,  which  maintains  the  specific  RB199 
control  parasieters  but  ensures  a  constar.t  thrust  offer  for  take  off  and  in  flight, 
which  in  turn  influences  mission  planning  and  flying  beneficially. 

The  RB199  EWGIHE  (Fig.  1) 

The  RB199  engine  is  a  three-spool,  turbofan  with  an  afterburner  and  is  of  modular 
construction.  The  bypass  ratio  is  ^1.2.  The  engine  delivers  more  than  70%  of  reheat 
boost  and  la  cleared  for  more  than  1600  K  stator  outlet  temperature  at  combat  con¬ 
ditions. 

The  engine  was  initially  designed  in  the  late  sixties,  but  has  been  repeatedly 
uprated  in  order  to  meet  changing  perfonnance  requirements  because  of  higher  aircraft 
weight  and  changed  mission  demands.  The  engine  is  being  developed  from  the  existing 
70  kN  combat  thrust  level  and  is  approaching  the  80  kM  class,  where  requirements  such 
as  a  specifically  high  DRY  rating  at  certain  flight  conditions  with  thrust  increases 
of  more  than  25%  can  be  offered. 

The  main  features  of  the  uprated  versions  are 

-  Redesigned  upflowed  LP/HP  compressors  and  HP/IP  turbines 

-  Use  of  single-crystal  HP/IP  turbine  blades 

-  Brush  seals 

-  Digital  engine  control  unit 

-  Extended  jet  pipe  for  improved  reheat  boost  (optional) 

None  of  these  features  with  the  exception  of  the  DECU's  and  the  extended  jet  pipe 
for  some  wings  are  actually  in  service  yet.  Consequently  the  considerations  in  this 
paper  exclude  the  engines  with  the  later  features  but  concentrate  on  the  existing 
engine  fleet  which  since  1980  has  accumulated  more  than  700,000  engine  flying  hours. 
For  example  the  life  factor  of  turbine  blades  relates  exclusively  to  equlaxed 
high-temperature-resistant  alloy. 

The  basic  control  system  concept  is  shown  in  Fig.  2.  The  dual-lane  control  system 
is  characterized  by  linear  control  of  the  high-pressure  spool  speed  i.e.  a  pilot's 
lever  angle  conforms  to  a  high-pressure  spool  speed.  Besides  several  limiters,  such  as 
N.f  Nj/l^8  and  N„  the  IP  turbine  blade  tenperature  is  used  to  control  the  HP  turbine 
stator  outlet  temperature  limit. 

In  the  normal  usage  range  the  maximum  SOT  is  limited  by  two  Independent  and 
individually  set  IP  turbine  blade  temperatures  which  are  measured  by  optical 
pyrometers  and  processed  in  separate  amplifiers  and  separate  channels  in  the  MECU  for 
the  maximum  fuel  flow  limitation. 

The  TBT  is  scheduled  over  as  shown  in  Fig.  3.  The  slopes  are  designed  so  as  to 

-  give  a  SOT  increase  over  T. .  as  required  for  the  mission  (L/H  slope)  in  view  of 

thrust  ^ 

-  give  an  absolute  temperature  limit  to  avoid  extreme  life  usage  or  overheating 

-  restore  SOT  with  falling  P^^  (L/H,  upper  region  of  the  flight  envelope) 

-  on  combat  selection,  raise  the  TBT  by  a  A TBT  combat  to  gain  max.  thrust  con¬ 
ditions 


TlM  liaitlnq  paraaeter  at  noraal  conditions  is  therefore  always  the  SOT  over  the 
TBT  as  the  control  parameter. 

The  TBT  can  be  neasured  relatively  close  to  the  ccMBbustion  chamber  as  the 
pyrometer  can  be  Installed  outside  the  aain  gas  stream  in  the  turbine  casing.  The  TBT 
as  a  control  parameter  measured  by  a  pyrometer  ensures  a  quick  response  and  avoids 
detrimental  overswings  during  engine  transient  conditions.  This  is  not  only 
advantageous  in  view  of  life  usage  of  turbine  and  LCF  parts  due  to  temperature  and 
speed  peak  suppressions »  but  also  ensures  more  stable  control  parameters  for  the 
reheat  nozsle  area  and  the  fuel  flow  during  accelerations  to  reheat  conditions,  irhich 
is  required  especially  during  the  ignition  phase.  Special  care  had  to  be  taken  in 
order  to  avoid  excessive  sooting  of  the  pyrometer  lens,  which  occurred  in  the  early 
phase.  With  the  present  configuration,  slight  lens  sooting  still  occurs  but  its 
inflUMice  on  the  TBT  readings  is  known  and  severe  interference  to  the  TBT  control 
concept  can  be  avoided  by  corrective  maintenance. 

The  basic  engine  rating  concept  is  a  constant  temperature  limiting  concept  with  a 
decreasing  thrust  over  time  depending  an  engine  deterioration.  Fig.  4  shows  the 
fundamental  dependence  between  BP  turbine  tmaperature,  thrust,  H.  and  speeds  over 
time  when  the  engine  is  set  at  constant  SOT.  The  basic  deter ioraCion  cu^e  is 
characterised  by  a  slope,  which  initially  has  a  steeper  gradient  but  flattens  at 
longer  running  times.  The  degradation  in  the  first  period  is  the  result  of  blade  tip 
and  labyrinth  seal  wear  caus^  by  thermal  expansion  and  dynamic  deflection  of  rotors 
and  structural  parts  under  manoeuvre  loads.  These  effects  diminish  after  the  *rub-in 
period*.  At  longer  running  times,  a  small  but  normally  constant  degradation  process 
follows,  which  results  generally  from 

a)  Erosion  of  seal  coatings,  resulting  in  diminished  efficieny  of  the  seals 

b)  Higher  roughnesses  on  gas-washed  parts  caused  by  foreign  particles  in  the  air 
and/or  attack  by  constituents  such  as  sulphur,  vanadium  and  chloridas. 

c)  Compressor  blade  fouling 

Bearing  these  basic  relationships  in  mind,  it  has  to  be  ensured  that  the  actual 
thrust  in  flight  is  always  above  the  minimum  acceptable  level.  Performance  checks  are 
therefore  carried  out  periodically  to  ensure  that  the  thrust  requirements  are  met  and 
that  the  temperature  (TBT)  limit  is  set  correctly.  Between  these  checks  the  engine 
health  is  monitored  by  pre-flight  'placard  checks*  at  which  the  has  to  be  within  a 
set  placard  tolerance. 

The  performance  check  is  carried  out  on  the  basis  of  correlation  curves  as  shown 
in  Fig.  5.  The  basis  for  the  check  of  the  dry  performance  is  the  M./F  relationship  and 

its  dependency  on  Using  these  parameters  for  individual  engines,  the  accuracy  of 

thrust  setting  is  within  1%  initially  and  does  not  exceed  l.SI  at  high  flying  hours. 
The  H,  over  T^.  line  in  Fig.  5b  decribes  the  N,  for  a  constant  SOT  setting  i.e.  it 
gives^a  varying  thruet  over  T^..  With  the  deteriorating  engine  the  SOT  limit  shifts 
the  N.  line  downwards  where  ic^crosses  the  N_  minimum  acceptance  line,  which 
reprelents  the  minimum  acceptable  thrust  of  the  engine.  The  reject  limit  needs  to  be 
defined  correspondingly. 

For  the  reheated  engine  the  fuelling  (FAR)  of  the  reheat  burners  is  scheduled 
over  the  noszle  area  such  that  the  required  fan  working  line  is  achieved.  For  a 

fleet  of  engines  such  as  the  RB199  which  is  in  service  since  seven  years  (stabilised 

conditions) ,  the  reheat  thrust  over  the  dry  thrust  can  be  expressed  accurately  over 
the  reheat  fuel/air  ratio  (see  Fig.  5c). 

In  fact,  the  flight  personnel  use  tables  and  formulae  for  the  execution  of  the 
performance  checks  and  settings. 

THRUST  RATIMG  COWCBPT 

With  the  given  control  system  concept  an  entirely  nominal  thrust  rating  (Fig.  6) 
cannot  be  verified,  but  a  good  approximation  is  possible. 

Subject  to  the  performance  checks  being  satisfactory,  a  lower  setting  based  on 
the  deterioration  curve  (Fig.  4)  plus  resetting  in  the  field  at  appropriate  intervals 
leads  to  the  conditions  shown  in  Fig.  7.  The  intervals  in  this  stepped  deterioration 
curve  need  to  be  defined  so  as  to  achieve  a  maximum  in  SCT  saving  at  a  minimum  of 
setting  effort.  The  temperature  savings  over  time  indicate  the  potential  life  usage 
reduction. 


The  actual  setting  and  check  procedures  for  the  dry  and  reheated  engine  are 
executed  as  described  and  shown  in  Fig.  5a  and  5c.  But  in  this  case  the  determining 
setting  value  ie  not  the  SOT,  but  the  minimum  acceptable  thrust  plus  an  increment  for 
the  setting  tolerance  and  for  the  expected  deterioration  over  time  until  the  next 
setting  and  performance  check.  Fig.  9  shows  the  limiting  N,  versus  T. ,  for  this 
procedure.  For  the  deteriorating  engine  the  SOT  limit  correlated  over^a  M,  line  cuts 
in  the  higher  asU)ient  temperature  region  first.  The  reject  level  is  met  wnen  the 
minimum  acceptable*  thrust  is  no  longer  achieved  at  the  given  day  ambient  temperature . 
The  first  resetting  of  s  new  engine  after  50  hrs  would  be  beneficial,  but  for  the  sake 
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of  a  procedure  c<xn«on  to  all  engines  in  service,  resetting  is  carried  out  in  100  hrs 
intervals  only  throughout  the  life  of  the  engine.  The  perfomance  check  and  resetting 
are  presently  carried  out  as  a  scheduled  a^intenance  activity. 

The  effect  of  the  thrust  rating  cofipared  with  a  tesperature  rating  in  view  of 
seal  gaps,  low  cycle  fatigue  and  hot  gas  path  parts  and  their  influence  on  maintenance 
material  costs  is  explained  below. 

SEAL  GAP  BBHAVIOOR 


The  experience  shows  that  the  slope  of  the  deterioration  curve  (Pig.  4)  is  nearly 
independent  of  the  level  of  thrust  the  engine  is  set  initially.  Thrust  rating  an 
engine  reduces  the  wear  on  blade  tip  and  labyrinth  seals  id\ich  contributes  to  the 
overall  benefit.  The  lesser  wear  in  the  initial  phase  achieved  by  thrust  rating  thus 
gives  a  greater  SOT  reduction,  which  in  turn  increases  the  improvement  in  life. 

In  the  following,  the  technical  backround  and  the  magnitude  of  benefit  are 
illustrated  by  way  of  an  example. 

Pig.  9a  shows  the  arrangttsent  of  the  main  air  seal  of  the  engine  behind  the 
HP  compressor,  «rhich  is  a  four*fin  labyrinth-type  seal  with  a  pre-profiled  static 
member.  Pig.  9b  shows  the  relative  movement  of  one  seal  fin  against  the  static  member 
during  acceleration,  deceleration  and  at  steady  state  running.  The  diagram  shows  that 
the  rotating  and  static  members  could  not  be  perfectly  matched  in  their  time-dependent 
movements.  During  acceleration  the  seal  opens  temporarily.  On  deceleration  however  the 
seal  rubs  in,  which  determines  the  permanent  seal  gap  at  steady  state  running. 

Thrust  rating  of  the  engine  reduces  the  centrifugal  force  and  thermal  expansion 
especially  during  the  early  running  period  due  to  the  lower  speeds  and  temperatures.  A 
comparable  situation  indicates  the  dotted  line  of  Pig.  9b.  The  lesser  rub  of  the  seal 
on  an  deceleration  results  in  a  steady  state  seal  gap  reduction.  As  Pig.  7  illustrates 
the  benefit  on  temperature  is  diminishing  over  time  but  the  speeds  of  the  thrust  rated 
engine  do  never  achieve  the  absolute  level  of  a  fully  rated  new  engine. 

The  effect  on  the  smaller  tip  seal  gaps  of  the  total  engine  is  worth  0,3  -  0,5% 
in  thrust.  As  the  thrust  rated  engine  is  set  to  a  thrust  figure  the  benefit  appears  as 
a  SOT  saving.  (Note:  What  here  appears  as  an  advantage  has  a  detrimental  effect  in 
cases  where  an  engine  uprating  is  by  over  temperature  increases.  The  bigger  seal  wears 
have  to  be  taken  into  account  1) 

INFLUENCE  ON  LIFED  ITEMS 


For  life  considerations  the  SOT  setting  is  the  determining  parameter.  A  variety 
of  settings  is  in  use  by  the  wings  operating  the  RBI 99  engine  depending  on  their 
thrust  requirements. 

The  most  significant  are 

Setting  to  full  cleared  SOT  over  the  lifetime  and  accepting  a  decreasing  thrust 
according  to  engine  deterioration 

•  Thrust  rating  as  described  above  to  different  minimum  acceptable  thrust  levels 

-  Derating  the  engine,  for  example,  by  a  A  SOT  ■  30K  and  keeping  that  SOT  limit. 

Derating  an  engine,  for  example,  by  30K  in  SOT  is  a  very  good  means  of  increasing 
the  life  of  LCF  controlled  parts  and  hot  gas  path  parts  in  particular,  but  the 
thrust-level  must  be  adequate  for  the  Intended  service  use. 

In  the  following,  derating  is  ignored,  only  the  thrust  rating  compared  with  the 
SOT  rating  concept  is  considered  with  regard  to  the  influence  on  lifed  items. 

To  enable  the  life  benefits  afforded  by  thrust  rating  to  be  quantified, 
comparable  conditions  need  to  be  defined  accurately.  The  principles  underlying  this 
paper  are  given  in  Fig.  10.  The  minimum  acceptable  thrust  and  maximum  acceptable  SOT 
are  taken  to  be  the  same  in  both  concepts.  Whereas  in  the  full  SOT  rating  concept, 
such  maintenance  activities  as  cOTipressor  washing  and  module  replacements,  mainly 
because  of 

-  life-limited  parts 

-  defects 

-  performance  loss 

lead  to  restoration  of  the  thrust  level,  such  activities  would  result  in  a  SOT 
reduction  within  the  thrust  rating  concept  (Fig.  10,  bottom).  The  SOT  reduction  over 
the  engine  lifetime  indicates  the  potential  life  saving. 
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BFFBCT  ON  LCF  LIFE 

Thft  basis  for  th«  design  of  RB199  LCf  parts  was  sdssions  defined  by  custoiBers. 
According  to  the  safe  life  concept,  which  clears  life  only  up  to  a  defined  initial 
crack,  the  calculated  life  is  confinted  by  spin  tests.  Using  saiaple  parts  from 
service,  confinsatory  spin  tests  are  carried  out  to  achieve  and  maintain  full  life 
clearance. 

The  calculated  life  usage  based  on  the  given  missions  is  nowadays  refined  by  life 
counting  systems  such  as  OLMOS,  %diich  are  being  introduced  for  TORNADOS  in  service 
with  the  German  Air  Force. 


Fig.  11  shows  an  example  of  a  mission  plot.  It  can  be  seen  that  thrust  rating 
results  in  the  peaks  being  cut  off.  But  there  is  another  influence  which  has  to  be 
taken  into  account.  With  lower  maximum  thrust,  the  mission  profile  will  change  because 
for  an  acceleration  from  a  certain  flight  condition  to  another,  the  lower  thrust 
engine  roust  run  longer  on  maximum  conditions,  for  example.  A  very  detailed 
investigation  «K>uld  be  required  to  quantify  these  influences.  Whereas  for  'cold*  LCF 
parts,  which  depend  only  on  centrifugal  force  and  cycle,  such  changes  have  hardly  any 
influence}  with  themally^sensitive  (i.e.  *hot*)  LCF  parts,  however,  a  longer  soak 
period  influences  the  life  usage  rate.  An  acceptable  first  approach  ho«fever  is  a  life 
calculation  excluding  the  altered  mission  effect.  The  gain  in  LCF  life  can  then  be 
determined.  It  is  3  >  5%  on  'cold*  LCF  parts,  and  2.S%  on  'hot'  ICF  parts  on  an 
average . 

These  life  increases  may  not  be  econosiically  usable  in  reality,  because  the 
various  components  of  a  module  have  different  lives  and  consequently  those  parts  with 
the  shortest  lives  determine  when  parts  have  to  be  exchanged}  meaning  that  the  life  of 
certain  components  may  not  be  fully  utilized.  The  usable  life  iiBprov«nent  depends  very 
much  on  the  basic  lifes  of  the  parts  in  comparison  with  the  life  of  the  engine.  If  the 
frequency  of  part  exchanges  in  the  life  of  the  engine  is  not  altered  by  the  relatively 
small  life  increase  quot^  above,  really  nothing  can  be  gained. 

The  introduction  of  a  life-counting  system  such  as  OUlOS  for  the  German  wings 
will  improve  the  determination  of  life  usage  drastically.  It  will  indicate  not  only 
differences  between  the  SOT  and  thrust  rating,  for  example,  but  also  the  more 
significant  effects  of  the  different  missions  of  all  wings. 

EFFECT  ON  HOT  GAS  PATH  COMPONENTS 

The  hot  gas  path  parts  benefit  directly  from  the  lower  temperature  level,  but 
also  from  the  somewhat  lower  speeds.  The  llfe-usage  reduction  depends  on  the  basic 
life  of  the  parts,  the  deterioration  slope  of  the  engine  (expressed  by  the  gradient 
and  in  total) ,  the  failure  mode  of  the  relevant  parts  and  the  maintenance  concept  for 
the  individual  project.  The  RB199  utilises  the  on-condltion  concept,  i.e.  there  is  no 
strict  life  limitation  for  the  hot  gas  path  parts.  The  condition  of  the  parts  is 
monitored  and  maintenance  is  carried  out  as  required. 

The  gain  in  life  is  greatly  influenced  by  the  resetting  interval.  Fig.  12  shows 
the  dependence  of  the  life  increase  on  the  resetting  interval,  taking  a  BFT  blade  as 
an  example.  The  figures  are  only  valid  for  one  engine  standard  or  type  with  its 
specific  deterioration  rate  and  for  one  standard  of  blade  with  its  specific  failure 
mode.  It  shows  the  life  improvement  for  the  primary  failure  mode.  The  resetting 
interval  of  100  hrs  as  applied  in  the  German  fleets  for  thrust-rated  engines  is  a 
compromise  between  life  benefit  and  maintenance  effort.  A  considerable  life  potential 
could  be  utilized  by  shorter  resetting  intervals  of  50  or  25  hours.  As  the  gradient  of 
the  deterioration  slope  (Fig.  4)  is  steepest  at  the  begin  of  service,  shorter 
resetting  intervals  in  this  phase  would  have  a  significant  effect.  If  the  resetting 
intervals  are  normally  100  hrs,  but  if  two  SO  hrs  resetting  intervals  are  inserted 
after  each  maintenance  activity  the  effect  will  be  noticeable. 


Fig.  12  was  plotted  using  an  average  deterioration  factor, 


.100+1 


(%) 


with 


DF  «  deterioration  factor  (I) 

F^^  «  thrust  at  start  of  service  (kN) 

F300  «  thrust  after  300  engine  flying  hours  (kN) 


defined  as 


The  definition  of  the  deterioration  factor  is  based  on  the  experience  that  after 
300  hours  the  engine  has  achieved  stable  conditions  and  that  the  1%  allowance  for 
further  deterioration  is  on  average  adequate  to  cover  the  period  up  to  the  first 
maintenance  activity. 


Based  on  the  assumptions  described  at  the  beginning  of  this  chapter  as  well  as  on 
a  resetting  interval  of  100  hrs  throughout  the  life  of  the  engine,  the  thrust  rating 
concept  results  in  life  increases  in  the  primary  failure  modes  of  the  individual  parts 
as  follows: 
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Combustion  chamber  6% 

HP  turbine  nozzle  guide  vanes  Hi 

HP  turbine  rotor  blade  18% 

IP  turbine  nozzle  guide  vanes  17% 

IP  turbine  blades  31% 

LP  turbine  blading  *  % 

1)  The  life  of  the  combustion  chamber  and  HP/IP  nozzle  guide  vanes  is  largely 
determined  by  the  on^condition  concept.  These  parts  are  most  often  not  rejected 
because  of  having  attained  a  primary  failure  mode  life  limit,  but  because  of 
cracks,  overheating,  local  burns  etc.,  which  do  not  allow  the  parts  to  be  used  for 
further  service. 

2)  The  LP  turbine  blade  life  is  longer  than  the  engine  life,  therefore  there  is  no 
gain  in  the  primary  mode  failure  but  only  a  saving  in  part-usage  thanks  to  the 
reduction  of  secondary  defects  caused  by  the  increased  life  of  the  parts  of  the 
preceding  stages. 

INFLUBNCB  OH  COST  OF  OWNERSHIP 

The  total  life  cycle  costa  for  a  fighter  engine  are  made  up  of 

•  Development  and  certification  costs 

•  Production  costs 
Operation  and  support  costs 

The  influence  of  the  changed  life  of  the  parts  on  the  maintenance  material  costs 
which  directly  affect  the  operating  and  support  costs,  is  illustrated  below. 

The  maintenance  material  costa  vary  according  to  the  project.  They  depend  greatly 
on  the  production  costs  and  the  life  of  the  parts.  For  a  project  like  the  RB199,  the 
production  costs  are  already  established  and  therefore  the  biggest  Impact  on  the 
material  costs  can  be  gained  by  reducing  the  volume  of  the  part  requirements,  i.e. 
by  increasing  the  life  of  the  individual  parts. 

Based  on  the  life  improvements  gained  by  thrust  rating,  calculations  were  carried 
out  for  a  fleet  using  engines  at  two  different  thrust  levels 

a)  Using  the  max  cleared  SOT  as  a  limit 

b)  Using  a  30K  lo%^r  SOT  as  a  limit 

Only  the  hot  gas  path  parts  are  taken  into  account,  since  the  LCF  parts  life 
increase  does  not  have  an  impact  for  the  reasons  described  above.  The  results 
are  shown  in  Fig.  13.  It  can  be  clearly  seen  that  the  maintenance  material  cost 
reduction  is  highest  at  max  SOT  setting. 

The  absolute  figures  emphasize  the  significant  influence  on  the  cost  of  owner¬ 
ship.  It  is  stressed  again  that  the  figures  result  from  the  comparison  as  described 
where  the  maximum  SOT  and  the  minimum  acceptable  thrust  are  the  same  in  both  methods, 
namely  the  constant  SOT  and  the  constant  thrust  rating  concepts. 

PROPOSAL  FOR  A  REFINED  CONCEPT  FOR  THE  THRUST  RATING 

The  introduction  of  the  digital  engine  control  unit  means  that  a  considerably 
improved  and  refined  thrust-rating  control  concept  can  be  employed  without  the  need 
for  hardware  (instrumentation,  control  parameters)  changes;  only  the  DECU  Software 
requires  changing.  Although  the  thrust  can  be  described  by  different  engine  parameters 
such  as  HPC  delivery  pressure  or  turbine  outlet  pressure,  which  can  be  related  to  the 
nozzle  pressure  ratio,  it  is  reccxoreended  to  continue  to  use  the  well-proven  as  the 

thrust  parameter. 

The  basis  of  the  proposed  concept  is 

-  To  maintain  the  TBT  control,  which  ensures  quick  and  reliable  readings  and  best 
represents  the  hot  gas  components  life  parameter  (SOT) 


-  To  schedule  the  TBT  according  to  the  in-flight  requirements 

-  To  trim  the  TBT  for  compensating  the  influence  of  ambient  temperature  on  the  thrust 

According  to  the  proposed  concept 

-  On  request  the  TBT  is  set  automatically  by  a  DBCU  logic  on  the  ground  to  a  value 
required  to  maintain  constant  thrust 

-  The  TBT  schedule  is  trimmed  so  as  to  maintain  the  required  thrust  over  the  Hach- 
number  (within  the  flight  envelope)  irrespective  of  the  ambient  day  temperature 
conditions.  The  required  TBT  trim  is  derived  automatically  and  set  in  short  inter¬ 
vals  in  flight  by  a  DECU  logic  based  on  the  comparison  of  the  observed  with  the 
calculated  ISA  day  engine  inlet  temperature. 
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•  A  fix«d  TBT  'tent*  schedule  as  the  final  overall  limiter  ensures  that  the  limiting 
SOT  figures  will  not  he  exceeded. 

Coaqpared  with  the  thrust  rating  procedure  now  in  use,  in  the  ia^roved  concept, 
the  TBT  it  is  set  according  to  the  deterioration  level  on  request  and  there  will  be 
full  day  temperature  compensation  on  thrust  continuously  on  the  ground  and  during 
flight. 

Basically  for  the  procedure,  the  thrust  requirements  on  the  ground  and  over  the 
flight  envelope  at  ISA  conditions  need  to  be  defined  and  expressed  in  a  TBT  schedule. 
In  this  TBT  schedule,  the  specific  requirements  of  the  aircraft  user  can  be  expressed 
as  verified  for  the  Tornado  and  sho%m  in  Fig.  3.  The  procedure  is  described  in  more 
detail  on  the  basis  of  the  TBT  * tent* •shaped  schedule  below.  But  fundamentally  it  can 
be  allied  to  any  schedule  «fhich  has  adequate  distance  to  a  limiting  schedule,  i.e. 
there  has  to  be  an  adequate  thrust  margin  for  the  concept  for  the  specific 
application.  A  detailed  feasibility  study  is  therefore  required  for  the  individual 
custMoer  to  ensure  correct  predictions  in  view  of  the  performance  level  and  life 
situation  in  question. 

EWCIWE  DETBRIQRATIOW  COtgBNSATIOM 

The  basis  for  the  thrust  on  the  deteriorating  engine  is  the  F/B.  relationship 
which  remains  adequately  constant  over  the  usage  time  as  described,  with  the 
deteriorating,  i.e.  less  efficient  engine,  the  F/N.  relationship  increases  slightly, 
ensuring  that  the  min.  acceptable  thrust  is  always^achieved  or  slightly  exceeded. 

(This  effect  derives  from  the  lower  energy  transfer  in  the  turbines  on  the 
deteriorated  engine  in  relation  to  the  constant  exhaust  nozzle  efficieny.  Deteriorated 
engines  exhibit  turb^achinery  of  lower  efficiency,  meaning  that  at  a  given  thrust  the 
SOT  is  higher,  the  M.  is  scmewhat  smaller  and  the  energy  transfer  in  the  exhaust 
nozzle  is  higher.) 

To  compensate  for  the  engine  deterioration,  the  TBT  is  set  on  the  ground.  From 
the  basic  relationship  of  M,  over  T  .  at  a  constant  thrust  as  shown  in  Fig.  14,  the 
TBT  for  the  ISA  day  can  be  derived  add  set  as  sho%m  in  Pig.  16.  Consequently,  this 
special  point  effects  the  complete  TBT  schedule  for  the  engine  in  its  existing 
deterioration  level  for  the  standard  day. 

The  distance  bet«/een  the  TBT  schedule  on  the  ISA  day  and  the  limiting  'tent' 
schedule  indicates  the  TBT  potential  available  for  further  engine  deterioration  on  hot 
days.  For  the  individual  engine  usage,  the  max.  TBT  for  the  standard  day,  which  just 
ensures  the  required  thrust  at  higher  ambient  temperatures,  can  be  defined 
accordingly. 

The  whole  procedure  of  setting  the  TBT«XSa  schedule  for  the  individual  engine  can  be 
carried  out  automatically  by  the  DECU  on  request  if 

-  the  and  TBT  gradients  Wer  for  constant  thrust  on  ground  are  given 

•  the  limiting  TBT  schedule  is  set  and  frozen 

•  the  parameters  for  the  floating  TBT  schedule  are  given 

f 

-  the  DECU  is  programmed  accordingly 


AMBIENT  TEMPERATURE  INFI/DBNCE 

The  aim  is  to  maintain  the  thrust  at  any  Mach  number  within  the  flight  envelope 
irrespective  of  the  day  temperature  changes.  For  this,  the  basic  engine  thrust  setting 
has  to  be  defined  such  that  with  a  normally  deteriorated  engine,  there  is  still  a 
sufficient  margin  to  cope  with  the  expected  highest  ambient  temperature  level. 


Thrust  restoration  at  different  day  twzperature  conditions  requires  the 
definition  of  the  T..  deviation  fr^  the  standard  day.  The  AT. .  can  then  be  used 
to  define  a  TBT  trift^which  will  ensure  that  the  thrust  demands^are  met.  The  procedure 
is  described  below  in  greater  detail. 

In  flight  only  the  observed  engine  Inlet  t^perature  <T..)  is  readily  available. 
The  deviation  of  the  observed  T..  frcm  the  standard  day  temperature  has  to  be  defined. 
With  the  given  standard  day  TsoTPso  function  the  T^,  can  be  derived  iteratively 
from  the  observed  Mach  number.  With  the  AT.,  resulting  from  the  comparison  of  T.. 
observed  with  T..  ^  ATBT^for  maintaining  a  constant  thrust  at 

that  day  conditloA^can  be  defined  (see  Fig.  ISb)  .  The  two  lines  in  Fig.  I5b  result 
from  the  TBT  schedule  (Fig.  3)  which  has  two  different  slopes  over  T. the  so-called 
tent.  Consequently  for  one  AT  .  the  ATBT  for  the  right  hand  slope  needs  to  be  higher 
than  for  the  left  hand  slope. 


The  ATBT  from  Fig.  15b  is  then  added  to  the  ISA  TBT  (Fig.  16),  restoring  the 
thrust  level  for  that  day  condition. 

The  limiting  TBT  schedule  has  authority  against  too  high  ATBT  demands  I.e.  even 
excessively  deteriorated  engines  will  not  be  overheated,  but  they  will  not  maintain 


im 
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the  demanded  thrusts  on  hotter  days.  The  whole  setting  procedure  is  carried  out 
automatically  throughout  the  life  of  the  engine  in  intervals  as  required. 

The  procedure  calls  for  the  existing  engine  and  aircraft  parameters.  Prograiming 
of  the  DECU  must  be  carried  out  as  described  and  in  accordance  with  the  diagrams 
(Fig.  15  and  16) .  The  reheat  thrust  setting  is  maintained  as  described  and  shown  in 
Fig.  5c.  By  the  way  in  the  GAP,  reheat  setting  is  already  being  carried  out 
automatically  on  demand.  On  combat  selection,  the  above  procedure  applies,  but  at  a 

slightly  higher  TBT  threshold,  i.e.  TBT^^  .  ^  «  TBT  ^  +ATBT  . 

^  ’  combat  max  dry  R/H  ccxnbat 

In  view  of  the  life  usage  of  life<-limited  parts  a  further  positive  effect  in 
comparison  with  the  present  thrust  rating  concept  can  be  expected  as  long  as  the 
engines  are  used  on  average  under  the  same  clisiatic  conditions  (high  life  usage  on  hot 
days  is  ccxnpenaated  by  low  life  usage  on  cold  days)  and  the  saiM  thrust  level.  The 
reason  lies  in  the  total  compensation  of  engine  thrust  deterioration  all  the  time, 
rendering  a  deterioration  margin  over  the  setting  period  of  for  example,  100  hrs 
unnecessary.  For  example,  with  the  HP  turbine  blade  sho%m  in  Pig.  12  for  the 
applied  thrust  rating  concept,  the  refined  concept  will  result  in  the  full  life 
Increase  than)c8  to  the  very  short  intervals.  This  leads  to  a  further  reduction  in 
maintenance  material  costs  as  expressed  by  the  dotted  line  in  Fig.  13. 

In  sujonary,  the  refined  constant  thrust  rating  concept  uses  existing  engine 
parameters  and  maintains  the  TBT  as  a  scheduled  temperature  limiter  but  trimmed  for 
the  restoration  of  the  thrusts  over  the  Mach  number  irrespective  of  the  day 
temperature  conditions. 

With  the  DECU  now  available,  setting  on  the  ground  and  resetting  in  flight  can  be 
carried  out  automatically,  meaning  that  field  maintenance  can  be  reduced. 

The  concept  is  not  limited  just  to  the  RB199  project.  Than)C8  to  its  flexibility 
in  being  able  to  accommondate  various  thrust  parameters  and  to  the  use  of  various  TBT 
schedule  slopes  as  required,  it  can  be  applied  generally. 

CONCLUDING  REMARKS 


The  investigations  show  that  changing  from  a  limiting  temperature  (SOT)  concept  to  a 
thrust  rating  concept  decreases  the  life  usage  of  the  engine  generally  but  on  hot  gas 
path  parts  in  particular  which  reduces  the  maintenance  material  costs  considerably. 

The  existing  control  system  concept  of  the  RB199  engine  allows  the  application  of  a 
thrust  rating  concept  without  jeopardizing  the  advantages  of  the  temperature 
limitation  by  a  quick  response  pyrometer  system  for  maximum  power  conditions.  No 
additional  maintenance  effort  is  required  because  the  required  performance  check  and 
resetting  intervals  can  be  selected  to  be  in  line  with  already  existing  maintenance 
activities . 

Further,  with  the  introduction  of  the  DECu  a  refined  maximum  thrust  rating  concept  can 
be  introduced  which  does  not  only  provide  an  automatic  re-setting  system  of  the  TBT  to 
compensate  thrust  losses  due  to  engine  deterioration  but  also  ensures  a  constant 
thrust  offer  irrespective  of  the  ambient  day  temperature  conditions.  A  further 
reduction  in  life  usage  of  the  engine  and  reduced  maintenance  efforts  result. 

The  benefit  of  a  constant  maximum  thrust  offer  of  the  engine  in  view  of  mission 
planning  and  execution  as  well  as  in  respect  of  pilots  training  needs  to  be  assessed 
and  quantified  by  the  customer. 

The  described  thrust  rating  concepts  are  not  limited  to  the  RBI 99  engine  but  can  be 
applied  generally  on  engines  for  which  the  relevant  basic  conditions  as  the 
availability  of 

-  suitable  engine  parameters  for  a  thrust  description 

-  a  reliable,  controllable  maximiim  temperature  limiting  system 

-  sufficient  thrust  margin  over  the  minimum  requirements  to  cope  with  engine 
deterioration  and  hot  day  thrust  requirements 

-  a  suitable  engine  control  unit 
is  given. 

However,  the  conditions  and  requirements  for  the  individual  application  of  a  suitable 
thrust  rating  concept  need  to  be  defined  and  scrutinized  thoroughly  to  allow  a 
prediction  of  the  benefits  and  implications. 
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□  High  efficiency  □  Advanced  cooling  system  □  Compact  design 

□  Bird  impact  resistance  □  Vaporizer  system  □  Short  response  times 

□  High  distortion  tolerance  □  High  burning  efficiency  □  High  bumirtg  efficiency 

□  Compact  design 


□  MECU/DECU  □  IN100  rotor  blades  □  Lightweight  design 

O  Pneumatic  systems  G  High  cooling  effectivity  □  Short  response  times 

□  Compact  gear  box  □  High  efficiency 


Fig.  1  Configuration  of  the  RB199 


Nl/V^  N,  H.  TBT-f(T„,PB)  •• - Limits'* 

=  tT„,P«) 


Fig.  2  RBI 99  control  systen  concept 


F*oon8t(aet  within  SOT  iimrt  as  required) 
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Engine  fiying  hours 


Pig.  6 

Ideal  thrust  rating 


Resetting  points 


Pig.  7 

RBI  99  thrust  rating 
concept 

(resetting  at  time 
intervals) 


Fig.  8 

Perfomance  setting 
or  check  to  constant 
thrust 


Fig.  11  Example  of  a 
mission  plot 
(Nj,,  PLA) 
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Fig.  12 

Life  Increase  of  a 
HPT  blade  from  thrust 
rating 


Fig.  13 

MNC  Reduction  from 
thrust  rating 
(Max.  SOT  and  min. 
acceptable  thrust 
are  Identical) 


MMC 


i  Thrust  rating  witft  continuous  adlustnienl  (DECU) 
Thrust  rating  with  lOOhrTBTfBset  intervals 
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Pig.  14 

Definition  of  TBT 
for  standard  day 
at  constant  thrust 
on  the  ground 
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Pig.  15b 


Definition  of 
AT^, 


Definition  of 
A  TBT  as 
f  (  ,  TBT 
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Fig.  15  Conpensation  for  ambient  temperature  changes 


Pig.  16 

Variable  TBT  for 
constant  thrust  at 
variable  engine  inlet 
temperatures 
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DISCUSSION 


M.  BEAUREGARD 

How  stable  is  vs  f’jjj.y  vs  tiae  (i.e.  deterioration)?  Why  can  a 
thiust  gauge  not  bo  designed  to  reflect  this  concept? 

What  parameter  does  the  pilot  fly  to?  Is  it  temperature? 

Author's  Reply: 

The  relation  is  very  stable.  There  is  only  a  slight  increase  of  thrust 
over  time  with  engine  deterioration  due  to  the  energy  transfer  in  the 
turbomachinery  and  the  thrust  nozzle.  The  is  used  on  ground  setting 
as  a  thrust  descriptiot..  .i^t  in  flight  because  a  reheated  engines  makes 
it  very  difficult.  There  are  efforts  ongoing  to  design  thrust  gages 
reliable  enough  for  the  difficult  surroundings  they  have  to  work  to. 

The  pilot  flies  with  the  pilots  lever  to  an  aircraft  speed  and  to  a 
temperature  limit  which  is  set  by  turbine  blad  temperature  and  interacts 

C.  SPRUNG 

Un  des  problemes  a  resoudre  est  d'obtenir  une  bonne  precision  pour 
la  saisie  de  la  temperature  des  aubes  de  turbines  surtout  aux  limites. 
Comment  accedez-vous  a  cette  temperature?  Est-ce  par  mesure  directs 
ou  par  calcul? 

Author's  Reply: 

THE  S.O.T.  cannot  be  measured  reliably  because  the  newer  fighter  engines 
run  at  temperatures  for  which  no  reliable  and  accurate  sensors  are 
available.  The  S.O.T.  on  the  RB  199  is  calculated  for  the  performance 
check.  The  Turbine  Blade  Temperature  Is  then  set  accordingly  for  the 
temperature  limit.  The  TBT  controls  the  temperature  limit  on  ground 
and  in  flight. 


A 


24-1 


DEST1JliO-P^^ 
DE  PfiTirn  rr  MOYENNE  PUISSANCE 


Pfiiiippe  Vaquez 
Expm  Pnndpa) 

Bureau  Veritts/DBA/DT 
Cedex44 

92077  Paris  La  Ddense,  France 

1  -  INTRODUCTION 

Dans  ia  recherche  des  methodes  propres  a  diminuer  te  coOt  de  J'entretien  des  turbo-machines  de  petite  et 
moyenne  puissartce,  figure  la  tendance  a  supprimer  les  but^s  fixes  que  constituent  les  potentiels  entre  revisions 
des  sections  chaudes  ou  des  sections  froid^»  tout  en  conservant  bien  sOr  un  suivi  des  machines  suffisant  pour 
prevenir  des  avaries  ou  des  degflts  graves  en  exploitation. 

Certains  Constructeurs  (PRATT  ET  WHITNEY  CANADA,  GENERAL  ELECTRIC,  LYCOMING)  ont  done  propose 
une  methode  basee  uniquement  sur  des  releves  de  parametres  moteurs  en  vol  et  presents  comme  susceptible 
d'affiner  le  suivi  technique  et  de  permettre  de  d^lencher  les  operations  d*entretien  et/ou  de  reparation,  au 
moins  des  sections  chaudes,  uniquement  a  partir  des  signatures  de  pannes. 

L'kttroduction  de  ces  methodes  en  FRANCE  est  reiativement  recente  et  Texpose  suivant  fait  un  point  de 
sa  mise  en  oeuvre  chez  les  exploitants  fran^ais. 

2  -  MATERIEL  CONCERNE 

Les  moteurs  dont  il  est  question  ici  sont  les  turbo-propuJseurs  PRATT  ET  WHITNEY  CANADA  PT6  A  et  PW  120, 
et  GENERAL  ELECTRIC  CT  7. 

Les  PT6  sont  monies  sur  bi-moteurs  BEECH  90  -  99  -  200,  DHC  6,  EMBRAER  PllO,  PIPER  PA  31  T  et  mono- 
moteurs  PILATUS  PC7.  11s  sont  dans  une  gamme  de  puissance  allant  de  400  a  700  kW. 

Le  PW  120  est  monte  sur  I'ATR  42  -  Puissance  :  1  500  kW. 

Le  CT  7  a  une  puissance  de  I  300  kW.  II  est  installe  sur  SAAB  SF  340. 

Tous  ces  appareils  sont  utilises  en  transport  regional,  sur  des  lignes  plutdt  courtes,  en  moyenne  de  1  heure, 
avec  \il  heure  mini  et  1  heure  1/2  maxi,  et  a  des  altitudes  de  i'ordre  de  3  000  a  6  000  m  (niveaux  100  -  200). 

Au  point  de  vue  flotte,  il  y  a  en  FRANCE  6  operateurs  d^lares  faisant  du  Trend  Monitoring  sur  PT6,  ayant 
de  I  a  7  appareils  pour  urte  flotte  d'environ  20  bi-moteurs  (soit  environ  10  %  de  la  flotte  fran^aise)  ;  en 
PW  120,  il  y  a  7  exploitants  pour  un  peu  moins  de  20  avions.  En  SAAB  SF  340  :  3  operateurs  avec  4  avions. 

L'ensemble  de  ia  flotte  mise  sous  surveillance  Trend  Monitoring  represente,  a  ce  jour,  environ  80  000  heures 
moteur  pour  PT4,  50  000  pour  PW  120  ;  moins  de  JO  000  heures  poor  le  CT  7.  Le  nombre  d'heures  augmente 
rapidement  pour  les  PW  120. 

3  -  PRINCIPE 

Le  "Trend  Monitoring"  (en  fran^ais  "Surveillartce  de  devolution  des  performances)  consiste  a  observer,  entre 
deux  periodes  d'entretien  majeur,  i'evolution  d’un  certain  nombre  de  parametres  representatifs  de  J'etat  physique 
du  moteur,  portee  sur  un  graphique.  En  fait,  on  observe  devolution  non  pas  de  la  grandeur  des  parametres, 
mais  de  la  diff^ence  entre  les  parametres  de  voJ  (ramenes  en  conditions  standards)  et  ceux  d'un  moteur  type 
defini  par  le  constructeur.  Les  courbes  observe  representent  done  les  evolutions  de  deltas. 

Pour  le  PT6  et  le  CT  7,  on  observe  les  deltas  sur  3  parametres  : 

-  Vitesse  du  generateur, 

•  temperature  inter  turbine, 

-  debit  carburant. 

Pour  le  PW  120,  qui  est  un  triple  corps,  on  observe  en  plus  la  vitesse  du  corps  basse  pression. 

L'obtension  de  ces  parametres  necessite  le  prelevement  des  donnees  suivantes  : 

-  Vitesse  generateur  (haute  et  basse  pression), 

-  debit  carburant, 

-  vitesse  de  darbre  porte-helice  et  couple  du  moteur,  ces  deux  parametres  donnant  la  puissance  de  refereiKe, 

-  altitude  -  pression,  vitesse  indiquM  et  temp^ature  exterieure  de  i’air,  ces  derniers  parametres  servant 
a  ramener  aux  coriditions  standards. 

Les  pvametres  sont  relevn  par  le  pilote  pour  le  PT  6  et  le  CT  7,  par  un  enregistreur  automatique  embarque 
(mini  A.I.D.S.)  pour  le  PW  120  (un  dispo^ti!  anal^ue  est  a  delude  pour  le  CT  7). 


24-2 


Le  traitement  des  parametres  se  fait  au  soi«  soit  entierement  manuellement  a  partir  de  courbes  donnas  par 
le  constructeur,  soit  a  I'aide  d'une  catculette  pre-programme  (T.l.  59  ou  HP4i),  soit  sur  ordinateur  IBM  P.C. 
couple  a  une  imprimante  ^tant  directement  les  courbe. 

Le  traitement  manuel  a  ete  abandonne  parce  que  trop  impreis  et  tres  contraignant. 

L'avantage  du  traitement  par  ordinateur,  selon  programme  informatique  fourni  par  le  constructeur,  est  d'obtenir 
directement  la  ligne  de  base  de  cbaque  pararnetre  et  les  valeurs  tissees  (lissage  sur  10  points  pour  PRATT  ET 
WHITNEY,  sur  5  pour  GENERAL  ELECTRIC). 

A  titre  de  comparaison,  il  y  a  8  parametres  surveilles  pour  un  reacteur  type  3T8,  ia  reference  de  base  etant 
un  rapport  de  pression  caracteristique  de  la  poussee  (Engine  Pressure  Ratio)  au  lieu  de  la  puissance  : 

-  vitesse  compresseur  haute  pression, 

-  vitesse  compresseur  basse  pression, 

-  E.G.T., 

-  vibrations, 

-  debit  carburant, 

-  position  manette, 

-  pression  d'huile, 

-  temperature  d'huile. 

Une  correction  due  aux  prelevements  d'air  sur  le  compresseur  est  egalement  aF>pliqu^  en  plus  des  corrections 
d'aititude,  temperature  et  vitesse. 

A  noter  que  si  pour  le  3T8  I'ordinateur  ne  presente  que  les  courbes  lissees,  pour  les  PW  120,  PT  6  et  CT  7 
I'ordinateur  presente  en  m^me  temps  les  valeurs  lissees  et  les  valeurs  du  jour. 

Comment  sont  surveilles  ces  parametres  ? 

-  d'une  part,  par  un  encadrement  de  seuils  d'alerte  a  plusieurs  niveaux  sur  la  temperature  et  la  vitesse  de 
rotation  pour  les  PT  6  et  PW  120,  par  I'obtention  d’une  marge  nulle  en  temperature  pour  le  CT  7  ; 

-  d'autre  part,  par  le  sens  de  variation,  la  pente  et  les  combinaisons  de  pentes  pour  I'ensemble  des  parametres. 
Cet  aspect  de  la  surveillance  est  le  plus  delicat  ;  le  constructeur  donne  des  examples  de  signatures  de 
pannes  (voir  figures  1). 


UAAPH  SYMPTOM  MOST  PItOBABLE  SOtUTION 


Figtre  I  t  PT  6  -  PW  120 


24-3 


Figure  1  bis  :  CT  7 


Champ  d*appHcation 

Le  principe  de  ta  methode  fait  que  seuls  des  parametres  thermo-dynamiques  sent  surveilles  ;  en  consequence, 
seuies  ies  usures  ou  defaiJJances  ayant  une  consequence  directe  sur  J'ecouJement  dans  la  veine  d'air  et  ies 
performances  seront  detectables,  aussi  bien  pour  la  section  froide  (e'est-a-dire  Ies  compresseurs)  que  sur  la 
section  chaude  (turbines  et  chambre  de  combustion)  : 

•  variation  des  jeux  en  bout  de  pales  ou  pertes  d'etarKheites  internes, 

*  variation  des  qualites  de  combustion, 

>  dispositifs  de  preievement  d'air, 

-  et  indirectement,  les  derives  ou  les  pannes  des  instruments  charges  de  cette  surveillance,  la  derive  des 
instruments  se  traduisant  pas  une  derive  apparentc  des  parametres  surveilles. 


D'un  autre  cdte,  le  procede  n'a  pas  possibilite  de  sorveiJJer  J'etat  mecanique  interne  du  moteur,  ni  certains 
phenomenes  dans  la  veine  d’air  comme  les  criques,  la  corrosion,  ou  la  sulfidation  qui  sont  pourtant  tres  courants 
et  susceptibles  de  provoquer  (fes  degdts  ou  des  frais  de  remise  en  etat  importants. 


-  EXPLOITATION 

En  general,  on  utilise  un  releve  par  jour.  Chez  certains  exploitants,  il  peut  y  avoir  plusieurs  releves  par  jour  ; 
dans  ce  cas,  le  specialiste  charge  du  depouillement  choisit  le  plus  typique. 

La  Figure  2  montre  un  suivi  fait  en  depouillant  les  parametres  a  I’aide  d'un'  calculette  T.l.  59  et  en  reportant 
manuellement  les  points  calcules  sur  un  graphe. 
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La  figure  4  montre  un  releve  de  moteur  PV  120  d'ATR  42*  fait  a  partir  de  J'enregistreur  automatique  embarque 
(mini  Airborne  Integrated  Data  System)  ;  te  bruit  de  fond  avant  lissage  est  particulierement  diminue. 
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La  figure  5  montre  un  suivi  CT  7,  avec  ordinateur  IBM  PC. 
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A  quoi  peut  #tre  attribue  le  bruit  de  fond  ? 

Tout  d'abord,  aux  conditions  dans  lesquelles  sont  faites  ies  lectures  par  les  pilotes  : 

•  cadrans  petits  et  peu  pr^is  ;  la  lecture  peut  itre  faite  Indifieremment  par  le  piJote  ou  le  co-piJote  sur 
Pinstrumentation  commune  ; 

-  conditions  de  vol  difficiies  a  stabiliser  pendant  la  periode  de  5  minutes  recommandMS  par  le  constructeur  ; 

-  charges  electriques*  hydrauliques  et  prelevements  d'air  mal  identifies  ;  en  theorie  les  pilotes  doivent  faire 
les  relevM  dans  des  conditioru  toujours  identiques,  mais  ies  imperatifs  de  vol  ne  le  permettent  pas  toujours 
et  parfois  m^me  ii  n'y  a  aocune  consigne  dcnn^  au  pilote  de  ce  c6te  ; 

-  les  resultats  sont  tres  sensibles  a  la  temperature  exterieure  de  I’air  ; 

-  ensuite,  les  erreurs  de  transcription  et  de  saisie  des  operateurs  au  sol. 

II  est  a  rx>ter  qu'un  bruit  de  fond  important  correspond,  pour  les  PRATT  &  WHITNEY,  a  une  defectuosite  du 
moteur,  du  type  ertcrassemer^t  du  compresseur. 

II  semble  qu'une  bonne  cooperation  pilotes  -  responsables  techniques  aide  a  ameliorer  le  bruit  de  fond. 


Autres  difficult^  : 

-  Le  constructeur  recommande  de  marquer  en  paralleJe  avec  la  courbe  tous  Jes  evenements  de  maintenance 
susceptibles  d'interesser  la  vie  du  moteur  (lavages  compresseur  /  turbine,  changement  d'equipements,  reglages, 
etc...),  pour  que  I'operateur  charge  de  I'interpretation  des  courbes  ait  tous  les  elements  de  lugement  a  sa 
disposition  ;  on  constate  frequemment  en  pratique  des  oublis  ou  des  retards  importants. 

-  Sexploitation  au  sol  des  releves  du  pilote  ou  de  I'enregistreur  est  faite  periodiquement,  generalement  une 
ou  deux  fois  p>ar  semaine,  et  le  constructeur  est  frequemment  consulte  pour  lever  les  doutes  ;  I'ensemble 
des  delais  peut  demar^der  jusqu'a  100  heures  de  vol  entre  Ja  lecture  et  Texploitation  definitive  }  ceci 
suppose  un  materiel  suffisamment  robuste  pour  supporter  une  degradation  rapide.  C'est  le  cas  pour  le  PT  6 
qui  est  un  moteur  sOr  et  bien  connu  ;  c‘est  moins  evident  pour  le  CT  7  et  surtout  le  PW  120. 

-  Pour  que  les  scuils  d'alertc  preconises  par  le  constructeur  aient  une  signification,  il  faut  que  la  surveillance 
ait  ete  mise  en  place  des  la  sortie  d’une  revision  generale  ou  d'une  visite  de  section  chaude  ;  aujourd'hui, 
ce  rcflexe  de  faire  systematiquement  au  moins  une  visite  section  chaude  avant  mise  en  place  du  Trend 
Monitoring  n'esr  pas  entre  dans  les  moeurs  ;  de  plus,  la  facilite  avec  laqueJle  les  PT  6  sont  vendus  ou 
transferes  entre  compagnies  ne  facilite  pas  la  rigueur  d‘application  des  consignes  du  constructeur. 


5  -  RESULTATS 

D’une  maniere  generale,  le  Trend  Monitoring  fait  ressortir  tres  rapidemeni  ies  probJemes  affectant  Jes  equi- 
pements  peripheriques  du  moteur  (vannes,  harnais,  transmettcurs  de  vitesse  et  de  couple,  les  thermocouples)  ; 
mais  la  recherche  de  panne  qui  permet  d'identifier  le  composant  responsable  est  souvent  assez  laborieuse  ; 
les  specialistes  qui  depouillent  les  courbes  identifient  plus  faciJement  les  pilotes  de  I'avion  que  le  composant. 

La  premiere  consequence  de  I'introduction  du  Trend  Monitoring  dans  une  petite  compagnie  est  I'achat  d'un 
lot  tres  complet  de  bancs  d'essais,  appareillages,  horoscopes,  etc...  permettant  la  verification  precise  des 
instruments  de  base,  des  injecteurs  et  du  motew.  Ceci  ameJiore  considerabJement  Je  suivi  general  des  machines 
et  e'est  en  soi  un  premier  bon  resultal. 

L'utilisation  des  cahiers  de  signatures  de  pannes  donn^  par  le  constructeur  est  tres  difficile  :  I'interpretation 
des  courbes  par  la  plupart  des  exploitants  leix’  permet  tout  au  plus  de  dire  qu'il  y  a  "quelque  chose".  La  lecture 
des  courbes  etablies  a  la  main  (figure  2)  est  particulierement  delicate  ;  les  pentes  sont  faibles. 

Deux  exemples  caracteristiques  : 

Le  moteur,  objet  de  la  figure  2,  surveille  a  titre  experimental  par  Trend  Monitoring,  a  ete  depose  normalement 
a  Tissue  de  son  potentiel  declare  ;  il  presentait  lai  etat  mecanique  tres  ben  avec  le  compresseur  encrasse. 
Le  constructeur,  consulte  pour  avis  sur  la  maniere  de  mettre  en  oeuvre  le  Trend  Monitoring,  a  estime  que 
le  moteur  etait  en  mauvais  etat. 

Dans  Ja  figure  7  ci'dessous,  qui  represente  la  totalite  de  la  vie  d’un  PW  J20  (environ  2  200  heures  depuis  neuf), 
Ies  parametres  de  base  scmblent  typiques  d'ur»e  deterioration  de  section  chaude  et  ont  atteint  les  seuils  d'alerte  ; 
cependant,  pour  des  raisons  non  connues,  le  moteur  a  ete  laisse  en  service  ct  a  eu  du  pompage  avec  surchauffe 
violente  au  decollage  et  destructions  importantes.  Une  autre  compagnie  a  eu  exactement  la  mSme  allure  de 
courbe  mais  a  su  deposer  le  moteur  a  temps  :  celui-ci  presentait  des  br^lures  importantes  en  bout  de  pales 
de  turbines. 
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Comparer  avec  la  figure  6  qui  represenie  on  exemple  recent  de  deterioration  importante  de  chambres  de  combustion. 


PT  6 

Sur  cette  machine,  les  derives  semblent  provoqu^s  essentiellement  par  )e  )eu  en  bout  de  pales  de  turbine 
du  generateur  de  gaz  ;  dans  I'experience  que  nous  en  avons  et  avec  les  limites  actuelles,  ce  )eu  provoque 
I'application  des  consignes  de  depose  avant  qu'il  y  ait  eu  reellement  des  degradations  importantes.  Nous  n'avons 
pas  vu  de  centre  exemple  caracteristique. 

PW  120 

Sur  12  cas  d'incidents  survenus  a  des  compagnies  fran<;aises,  3  ont  ete  detectes  par  Trend  Monitoring  5  mais 
sur  les  4  inciden.s  analyses  comme  suscepiibles  d'etre  detectes  au  Trend  Monitoring,  3  I’ont  ete  elfectivement  ; 
le  4eme  cas  est  celui  cite  ci-dessus. 

Dans  2  cas  de  moteurs  deposes  suite  au  Trend  Monitoring,  un  presentait  des  dommages  reels  mais  mineurs 
(injecteur  defectueux  et  le^ere  brulure  sur  I  pale  distributeur  HP),  I’autre  des  brulures  importantes  en  bout 
de  pales  sur  les  2  premiers  etages  de  turbine. 

La  sensibilite  semble  tres  faible  en  regard  de  I'lmportancc  des  degifs  constates  sur  plusieurs  moteurs  ;  il 
y  a,  d'autre  parr,  dans  1' interpretation  des  courbes  une  notion  qui  est  revolution  du  rapport  des  vitesses  NH 
par  rapport  aux  vitesses  NL.  Cette  notion  n'est  pas  apprehend^  de  la  meme  manlere  par  tous  les  utilisateurs 
et  n'est  pas  facile  a  exploiter. 

CT  7 

Nous  avons  vu  un  cas  ou  un  impact  de  corps  etrangers  ayant  deforme  I  seule  pale  a  ete  detecte  au  Trend 
Monitoring  (voir  figure  5)  et  un  cas  de  depose  suite  a  indications  Trend  Monitoring  ayant  effectivement  une 
deterioration  importante  de  la  section  chaude. 

La  sensibilite  semble  suffisante. 


6  -  CONCLUSIONS 


Le  "Trend  Monitoring"  existe,  il  est  utilisable  mais  il  necessite  une  attention  tres  soutenue  et  une  connaissance 
fine,  non  seulement  de  la  mecanique  du  motcur  mais  des  principes  de  son  fonctionnement  thermodynamique, 
si  I'on  veut  interpreter  correctement  les  courbes  en  I'absence  de  consignes  type  "tout  ou  rien"  sur  I'ensemble 
des  parametres  ;  en  fait,  il  faut  ur'  petit  bureau  d'etudes.  Dans  une  petite  compagnie,  ce  n’est  pas  evident 
et  le  changement  d'une  seule  personne  peut  amener  la  perte  quasi  complete  d’une  longue  experience. 

Du  fait  de  ses  possibilites  limitees,  le  Trend  Monitoring  don  etre  imperativement  complete  et  recoupe  par 
d'autres  methodes  de  contrdles  non  bas^s  sur  les  performances  en  vol,  telles  que  mesures  de  performances 
au  sol  par  mecaniciens,  inspections  endoscopiques  sysiematiques  et  frequentes,  visites  diverses,  etc...  Ceci 
existe  deja  pour  le  PW  120  et  le  CT  7  et  les  inspections  endoscopiques,  en  particulier,  sent  assez  bien  maTtrisees 
par  la  plupart  des  compagnies.  La  periodicite  de  ces  inspections  est  moins  bien  maitrisee  en  raison  de  la  faible 
experience  generale  de  ces  machines  et  la  tendance  est  au  resserrement. 

Dans  ces  conditions,  I'elimination  de  la  butee  periodique  de  visite  de  la  section  chaude  est  admissible,  sauf 
pour  le  PT6.  En  effet,  de  par  la  conception  et  I'installation  du  moteur  qui  presente  tres  peu  de  points  d’acces 
et  qui  sont  masques  par  de  nombreux  equipements,  la  section  chaude  de  ce  moteur  se  prete  mal  a  I'inspection 
endoscopique  ;  de  ce  fait,  nous  avons  ete  amenes  a  maintenir  pour  le  PT6  une  butee  en  heures  pour  la  revision 
de  la  section  chaude,  a  litre  de  precaution,  avec  I'cspoir  que  I'experience  future  de  chaque  exploitant  permettra 
de  la  rendre  inutile. 


L’emploi  d'un  ordinateur  et  d’une  imprimante  pour  les  traces  est  indispensable,  a  noire  avis,  dans  tous  les 


DISCUSSION 


C.  SPRUNG 

Quelles  sent  les  differences,  du  point  de  vue  perforaances,  puissances 
et  consoaaations.  entre  les  tolerances  du  aateriel  neuf  et  celles 
acceptees  en  aaintenance?  Vous  avez  precise  que  cette  tolerance  est 
de  —  2Z  par  rapport  a  la  valeur  noainale  pour  du  aateriel  neuf. 
Author's  Reply: 

Les  tolerances  indiquees  sent  celles  appliquees  par  rappott  aux 
releves  fait  en  vol  par  la  aethode  du  "trend  aonitoring".  Elies  sont 
coapleteoent  independantes  de  celles  utilisees  en  maintenance,  m^ae 
si  elles  s'en  rapprochent. 
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Periodic  and  consistent  assessment  of  engine  performance  In  military  helicopters  is 
essential  if  in-service  operating  margins  are  not  be  be  eroded  by  harsh  environmental 
conditions.  Manually  initiated  GO-NO-GO  pre-flight  checks  (HIT  etc)  or  ad-hoc  in-flight 
performance  checks  rarely  provide  sufficiently  reliable  data  for  maintenance  or 
diagnostic  purposes.  In  contrast,  performance  assessment  methods  based  on  gas  path 
analysis  principles  and  engine/aircraft  data,  automatically  recorded  during  flight, 
offer  a  potentially  attractive  alternative.  ARL  has  investigated  a  number  of  these 
alternatives,  and  has  carried  out  an  in-service  trial  on  a  Boeing  CH47C  Chinook 
helicopter  operated  by  the  RAAF.  In  the  trial  existing  aircraft/englne  instrumentation 
was  complemented  by  specially  designed  probes  located  at  module  interfaces  whilst  the 
data  were  recorded  on  an  ARL  designed  acquisition  system.  The  performance-fault 
algorithms  used  in  the  analyses  were  configured  for  a  range  of  engine  operating 
speeds.  Results  for  the  trial  are  presented  in  terms  of  deviations,  from  pre- 
established  base-line  conditions.  Statistical  analyses  using  linear  regression  fits  and 
Kalman  Filtering  techniques  have  been  investigated  to  minimise  the  effects  of  data 
uncertainty.  The  applicability  of  the  procedures,  including  thermodynamic  analyses  and 
equipment,  are  discussed  in  terms  of  fleetwide  adoption  for  the  Chinook. 


Momanclature 

A  Area 

BB  Bleed  Band 

C  Corrected 

CVA  Coefficient  of  Variation  (  o/xS) 

FF,WF  Fuel  Flow 

HIT  Health  Indicator  Test 

IAS  Indicated  Air  Speed 

IGV  Inlet  Guide  Vanes 

IFM  In  Flight  Monitoring 

b  Influence  Coefficient 

3  Fault  Matrix  Coefficient 

Gas  Generator  Speed 
N2  Power  Turbine  Speed 

p  Static  Pressure 

P  Total  Preosure 

PPI  Power  Performance  Indicator 

T  Temperature 

TEAC  Turbine  Engine  Analysis  Check 

TOR  Torque 

HA  Mass  Flow 

X  Mean 

1 .  IBTHODOCTIOB 

The  arduous  operating  environment  of  the  military  helicopter  requires  that  effective 
power  assurance  checks  are  carried  out  routinely  prior  to,  or  during  flight.  Procedures 
currently  used  are  configured  around  well  established  methods  such  as  HIT,  TEAC 
(topping)  and  PPI  :  the  procedure  used  by  an  operator  has  usually  been  a  function  of  the 
country  of  origin,  or  major  user  of  the  helicopter.  The  results  of  these  checks  are 
invariably  treated  as  GO-NO-GO  indicators  and  are  rarely  retained  from  one  flight  to  the 
next  for  trending  or  prognostic  purposes.  In  contrast  to  these  methods  the  RAAF  has,  on 
its  Iroquois  helicopters,  used  an  in  flight  performance  assessment/monitoring  method 
(IFM),  Reference  1,  which  compares  actual  engine  performance  with  prespecified  baseline 
values.  Deviations  in  torque  and  exhaust  gas  temperature  are  monitored  routinely  to 
give  an  indication  of  engine  condition  or  performance  deterioration.  This  procedure  was 
implemented  because  of  a  long  history  of  severe  blade  erosion  and  stability  -  surge 
problems  experienced  by  the  T33  engine,  and  the  fact  that  the  HIT  method  was  carried  out 
at  relatively  low  power  levels  whilst  dally  use  of  topping  checks  was  counter  productive 
in  terms  of  engine  life.  Notwithstanding  the  potential  gains  available  by  the  adoption 
of  an  IFM  procedure  the  viability  of  the  method  is  limited  by  scatter  due  to  visual 
observations  of  aircraft  instrumentation  and  the  difficulty  in  maintaining  a  steady 
state  power  setting  during  the  monitoring  period.  Because  only  a  limited  number  of  gas 
path  parameters  were  recorded  during  the  IFM  test  it  was  also  difficult  to  isolate 
performance  decrements  to  given  engine  components  or  modules. 


d  Pressure  Ratio 
6  Temperature  Ratio 
n  Efficiency 

0  Standard  Deviation  (STD) 
1 — 3  Station  Numbers 
Subscripts 
c  Compressor 
ct  Compressor  Turbine 
pt  Power  Turbine 
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Recognising  these  problems  a  combined  RAAF/ARL  programme  was  initiated  to  investigate 
the  effectiveness  of  using  automatically  recorded  engine/aircraft  data,  combined  with 
gas  path  analyses  techniques  to  assess  performance  deterioration  and  component 
degradation  in  a  military  helicopter.  At  the  request  of  the  RAAF  the  investigation  was 
centred  on  the  Lycoming  T55-L11  engine  in  the  Chinook  helicopter.  This  paper  describes 
the  Chinook  engine  performance  monitoring  programme,  it  covers  development  of  fault 
algorithms,  specification  of  instrumentation  and  data  recorder,  and  finally  data 
analysis  of  an  in  service  trial. 

2.  PERFOBHAIICS  AMALtSlS 


Currently  fault  diagnosis  and  module  assessment  methods  available  to  helicopter 
maintenance  personnel  are  simple  fault  tree  logics,  ie: 

If  A  ♦  B  then  C,  or  if  A  -  B  then  D. 

More  complex  star  charts  have  been  proposed  but  have  rarely  been  incorporated  into 
maintenance  manuals.  Comprehensive  fault  tree  libraries  can  be  derived  from  engine 
thermodynamic  models  in  which  component  faults  can  be  Implanted.  This  capability  was 
not  fully  developed  at  ARL  at  the  time  this  investigation  was  commenced,  and  therefore 
could  not  be  used.  Gas  path  analyses  such  as  those  proposed  by  Staples  and 
Saravanamutto ,  Reference  2,  were  investigated  but  were  rejected  in  favour  of  the  more 
"apparently"  definitive/analytic  differential  gas  path  analyses  suggested  by  Urban, 
Reference  3.  This  latter  method  offered  a  potential  to  trend  data  measurands  and 
predict  component  efficiencies,  and  hence  to  diagnose  faults  to  a  model  or  component 
level  using  analytical  methods.  The  Urban  technique  of  differential  gas  path  analysis 
is  based  on  relating  changes  in  independent  component  performance  parameters  (  WA,  n  , 
Areas  etc)  to  changes  in  dependent  engine  measurands  (P,T)  via  a  series  of  analytically 
derived  influence  coefficients.  The  technique  has  been  used  by  both  Shapiro,  Reference 
4,  and  Cockshutt,  Reference  5,  in  the  analysis  of  compressible  flow  and  gas  turbine 
cycle  studies.  Urban  has  further  developed  the  method  by  formulating  diagnostic 
equations  or  fault  matrices  for  given  operating  conditions.  In  its  most  simplistic  form 
it  Just  relates  changes  in  gas  path  components  to  changes  in  measured  engine  parameters 
whilst  in  its  more  developed  algorithms  attempts  have  been  made  to  compensate  for 
Instrumentation  errors  and  multiple  faults  by  use  of  modern  estimation  theory 
(References  6  and  7).  Similar  diagnostic  procedure  are  now  commerically  available  from 
moat  major  engine  manufacturers  TEMPER/G£M(GE) ,  COMPASS  (RR)  and  GTEVA  (P  &  W).  These 
recent  additions  to  the  engine  diagnostic  library  utilize  similar  basic  principles  but 
incorporate  varying  enhancement  techniques  such  as  weighted  least  squares,  Kalman 
Filtering  or  proprietary  routines  to  derive  the  most  likely  faulty  component. 

This  particular  Investigation  only  used  a  simple  version  of  differential  gas  path 
analysis  so  limiting  its  complexity  and  compulational  requirements.  The  procedure  Is 
Justifiable  In  the  case  of  a  simple  single  spool  gas  turbine  and  has  the  added  advantage 
of  allowing  faults  or  deficiencies  in  the  analysis  itself  to  be  more  readily 
identified.  The  use  of  the  simplified  procedures  does  not  preclude,  at  a  later  stage, 
the  adoption  of  a  more  complex  analysis.  The  task  was  basically  aimed  at  investigating 
methods  for  acquiring,  analysing  and  interpreting  data  obtained  in  flight  from  an 
operational  military  helicopter  and  so  establishing  a  technology  base  in  engine 
monitoring  procedures. 

2. 1  Module  Assessment 

RAAF  operational  experience  with  the  Lycoming  T53  engine  in  the  Iroquois  helicopter 
indicated  that  major  deteriorations  in  performance  occurred  due  to  erosion  in  the 
compressor  rotor  blades  and  erosion  or  deposition  in  the  turbine  nozzles.  As  it  was 
expected  that  similar  problems  would  occur  in  the  Lycoming  T55-L11  engine  the 
investigation  was  based  on  the  Chinook  helicopter.  The  T55-L11  engine  has  a  single 
spool  gas  generator  driving  an  essentially  constant  speed  power  turbine,  it  consists  of 
4  gas  path  modules,  Figure  1  shows  Its  configuration  and  the  engine  station  numbering. 
The  condition  of  gas  path  modules  may  be  deduced  from  changes  in  their  respective  flow 
areas  and  efficiencies,  however  to  assess  the  level  of  degradation  of  an  individual 
component  or  discriminate  between  modules  then  many  more  measurands  may  be  required  for 
analysis  than  are  practically  available  in  a  particular  installation.  A  study  of  the 
T55  thermodynamic  cycle  shows  that  at  least  13  aircraft/engine  measurands  are  required 
to  define  a  "corrected  or  normalized"  operating  point  from  which  basic  component 
performances  can  be  assessed.  The  particular  types  of  measurands  determine  the  level 
and  accuracy  of  the  fault  Isolation  capability. 

In  the  Chlnook/T55-  7  parameters  (N^,  N21  TOR,  T5,  P^,  Tj,  and  IAS)  are  readily 
available  from  the  existing  wiring  harness.  For  this  Investigation  an  additional  6 
parameters  (P21  P3»  T^,  FF,  IGV  and  BB  position)  were  Incoiporated  into  the  aircraft- 
engines  . 

Using  these  measurands  the  following  basic  performance  parameters  could  be  derived. 
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H,/V5 

P3/P1 
T3/T, 
T5/T1 
FF/  SJS 
T08C 


Corrected  Engine  Speed 

«1C 

Coapresaor  Pressure  Ratio 

CPR 

Compressor  Temperature  Ratio 

CTR 

Power  Turbine  Teaperature  Ratio 

TTR 

Corrected  Fuel  Plow 

WFC 

Corrected  Torque 

TORC 

Where  6  ^^^288.15  Teaperature  Ratio,  and 
^  **^^14.7  pressure  Ratio 

Of  these  paraaeters  at  least  one,  either  or  po/P^,  is  required  to  specify  a 
reference  point.  Using  basic  perforaance  paraaeters  ana  the  gas  turbine  cycle  equations 
a  series  of  Influence  coefficients  relating  changes  In  efficiencies  and  areas,  etc  to 
changes  in  pressures  and  teaperatures  can  be  deterained.  Typically 


AT3  =  K31  AT4  ♦  ♦  *a4  Anc  ^a5  Anct  ■*"  *^a6  A*4  • 


iP3  =  Kj,1  4N,  +  K^2  -  •  • 

The  infuence  coefficients  etc.  are  evaluated  from  engine  design 

paraaeters  and  are  presented  A  aatrlx  fora  for  each  operating  point. 

4  T3  =  Kg,  Kg2  Kgj  Kg,  A  N, 

A  P3  Kb,  Kb2  A  T, 

•^ol  *  WA 

A  Tie 
A  n  ot 
4  A, 

A  npt 


A  TORC 
A  FFC 
A  T5 
A  *5 


where  for  this  paper 

Tt 

A  Tj  =  -ij  ■  "T  '  baseline  A  TORp  =  TORq  -  TORj,)  baseline  etc, 

can  be  evaluated  at  a  reference  operating  point  of  either  P3/P,  or  Ric  Inversion  of 
the  matrix  generates  a  fault  matrix  for  the  engine  at  the '’given  reference  operating 
point.  The  fault  matrix  represents  a  set  of  linear  equations  relating  faults  In  the 
component  or  module  to  changes  In  corrected  variables  at  given  prespecifled  operating 
points.  For  example  using  N,,.  as  a  reference. 

AT"  =  ''ai"'^3  *  '^AZ  AP3  +  K^^jATOR  ♦  K^^,  a  PP  ♦  K^j  a  T5 

A  typical  nuaerlc  fault  aatrlx  is  given  in  Figure  2  for  s  93f.  Calculation  of 

trends  in  the  independent  variables  V^,  etc,  require  fault  aatrloes  at  each 

operating  point  for  or  p^/pi  if  a  fixed  analysis  point,  as  in  the  HIT  method,  is  not 
to  be  prespecified.  in  thrs  investigation  it  was  found  to  be  sufficient  to  generate 
fault  aatrloes  at  5  engine  speeds  80,  83,  90,  95  and  1001  N^q  and  to  interpolate 
linearly,  for  intenaediate  points. 

le  :  K^,/,^  5  =  H  j  +  C 

Figure  3  shows  typical  fault  coefficient  for  ^42*  etc,  for  the  a  ^4  and  delta 

coBpressor  efficiency,  algorithms  where  M  and  C  are  the  slope  and  constant  ^  the  linear 
equation. 
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For  this  analysis  was  taken  as  the  reference  baseline  as  it  was  an  existing 

paraater,  displayed  in  the  cockpit  and  used  by  operators  for  driving  and  setting 
purposes.  Hore  iaportantly  coapressor  erosion  is  directly  related  to  changes  in 
coapressor  pressure  ratio  this  paraaeter  could  be  readily  trended,  and 

treated  independently  of  any  fault  aatrix. 

To  deteraine  the  respective  deltas  for  each  aeasurand,  the  individual  variables  were 
coapared  with  engine  data  froa  both  coaputer  aodel  predictions  and  actual  engine 
tests.  It  was  found  that,  as  the  aodel  predictions  were  derived  froa  engine 
specification  data,  large  deltas  or  deviations  in  aeasured  and  calculated  variables  were 
generated,  consequently  to  give  aore  representative  trend  lines  only  actual  engine  test 
data  were  used  in  the  subsequent  analysis.  Purtheraore,  to  avoid  the  effects  of  bleed 
band  on  the  trend  lines  and  the  diagnostics,  all  data  for  N.{(h  <  83*5i  were  ignored. 

3.  MOBlTOaUG  OMIT 

A  scheaatic  of  the  Data  Monitoring  Unit  is  given  in  Figure  4.  It  consists  of  3  separate 
parts  : 

.  Data  Acquisition  Systea 

.  Instruaentation  and  Wiring 

.  Data  Transcription  and  Reduction. 


Data  Acquisition  Systea 


A  16  channel  analogue  and  digital  data  recorder  (16  CAD)  was  designed  and  manufactured 
at  ARL  in  the  late  TO's  for  Engine  Perforaance"  Monitoring  work  in  the  RAAF  Hacchi  Jet 
Trainer,  Reference  8  gives  details  of  the  basic  system.  The  original  16  CAD  systems 
used  an  8  bit,  tri-tone,  recording  mode,  however  the  resolution  was  too  small  for  engine 
performance  trending.  For  this  investigation  two  16  CAD  recorders  were  combined  and 
converted  to  allow  the  recording  of  16  channels  at  10  bits  and  14  channels  at  8  bits. 
The  system  was  based  on  small,  rugged,  low  cost  consumer  available  cassette  tape 
recorders,  and  had  performed  more  than  adequately  in  the  low  vibration  environment  of 
the  Hacchi  jet  trainer.  However  problems  arose  with  the  low  frequencies  emanating 
from  the  helicopter  rotor  blades,  the  vibration  predominantly  affecting  the  data  tape 
and  its  transport  mechanism.  Data  were  recorded  on  commercial  C>90  compact  cassettes  in 
30  second  blocks  at  scan  rates  of  15  channels/sec  :  each  block  was  therefore  made  up  of 
15  sets  of  measurands.  The  data  recording  was  initiated  by  the  pilot  and  activated  by  a 
crew  man  using  a  control  box  located  in  the  galley  way  leading  to  the  cockpit. 
Recording  was  carried  out  at  least  once  per  flight,  once  steady  state  operating 
conditions  had  been  achieved.  The  data  recorder  control  box  Imprinted  a  date-tlme>group 
and  event  number  on  the  tape,  however  engine  numbers  had  to  be  recorded  by  hand.  Data 
tapes  were  removed  once  per  week  and  forwarded  to  ARL  for  analysis. 


Inatruaentatlon  and  Wiring 


17  analogue  and  5  digital  channels,  comprising  pressures,  temperatures,  engine  speeds, 
fuel  flows  and  discretes  were  recorded  for  both  engines  and  the  aircraft  :  a  list  of  the 
instrumentation  is  given  in  Figure  4.  Four  of  the  instrumentation  channels  were  non 
aircraft  standard,  they  were  : 

.  Compressor  inlet  pressure  •  Total 
.  Compressor  outlet  pressure  •  Static 

.  Compressor  outlet  temperature,  and 

.  Fuel  Flow 


Special  probes  for  P^,  p^  and  T?,  Figure  5,  were  manufactured  by  Hawker  de  Havilland 
Australia,  whilst  the  fuel  flow  ^metering  system,  based  on  Faure  Herman  Turbine  Flow 
meters,  was  detailed  by  the  RAAF.  Figure  6  shows  a  fuel  flow  meter  installed  in  the 
Chinook  No.  1  engine  fuel  line,  whilst  a  typical  pressure  transducer  installation  is 
given  in  Figure  7.  The  installation  of  probes,  wiring  looms,  data  recorder  and  break  in 
points  to  existing  instrumentation  lines  were  carried  out  by  RAAF  personnel  at  No.  3 
Aircraft  Depot  Amberley.  All  instrumentation  wiring  looms  were  terminated  in  the 
aircraft  cabin  heater  bay  where  the  data  recorder  was  located.  The  complete 
installation  was  covered  by  a  RAAF  Draft  Modification  Order  -  DNO  178. 


Instrumentation  calibration  was  carried  out  initially  at  ARL  and  then  following 
installation  in  the  aircraft.  Calibrations  were  updated  at  approximately  six  month 
intervals  and  coincided  with  pressure  transducer  changes  and  investigations  into  torque 
meter  system  irregularities.  The  only  problems  experienced  with  the  instrumentation 
were  with  incorrect  positioning  of  the  probes  (180^  out  of  phase),  fatigue  failures 
in  the  T^  thermocouple,  and  repeatability  problems  in  the  torque  meter  system. 
Throughout^ the  trial  most  of  the  equipment  was  found  to  be  reliable  :  the  only  component 
affected  by  the  helicopter  vibration  was  the  tape  recording  unit.  The  instrumentation 
transducers  used  in  this  trial  were  selected  primarily  for  their  repeatability  as 
against  overall  accuracy;  Table  1  gives  a  summary  of  the  instrumentation  and  their  basic 
specifications. 


25*5 


TABLB  1 


TMiaMITTU 

ACCDIACI 

RBPBATABILITT 

No.  of  BITS 

IAS 

SETRA  239 

± 

•  It  FS 

t  .02  FS 

10 

PRESSURES 

ROSEMOUNT  1332A 

± 

.1*  FS 

±  .1*  FS 

10 

TEMPERATURES 

ANALOG  DEVICES 

2B  52  TYPE  E 

± 

.1*  FS 

±  .1*  FS 

10 

TORQUE 

MAGNETIC  RELUCTANCE 

± 

2.5* 

NOT  KNOWN 

10 

FUEL  PLOW 

FAURE  HERMAN 

t 

.25* 

.  .25* 

10 

"l  -  "2 

± 

.1* 

t  .1* 

10 

BLEED  BAND 

PRESSURE  SWITCH  IN 

IN  FCU  LINE 

8 

IGV 

POTENTIOMETER 

8 

3«3  Data  Truaorlptlon  and  Keduettoa 


Th«  «ngin«/alroraft  data  were  transcribed  froa  the  tri-tone  foraat  on  the  cassette  tape 
to  octal  using  an  ARL  designed  transcription  unit,  Reference  8.  Transcription  of  data 
proved  aost  difficult  due  to  apparent  variations  in  tape  speed,  caused  (it  is  thought) 
by  helicopter  vibration.  On  many  occasions  data  strings  appeared  to  be  corrupted  and 
were  autoaatically  deleted  by  the  error  code  algorithas.  A  nanual  scan  of  data  during 
conversion  using  a  data  "break  out  box"  indicated  that  aost  of  the  data  had  in  iact  been 
correctly  recorded.  Because  of  the  slaple  design  of  the  system  it  was  not  possible  to 
syncronixe  helicopter  data  record  speed  with  transcription  play  back  speed  even  though  a 
tiae  pulse  had  been  imprinted  on  the  tape.  Repeated  transcriptions  at  aodified  play 
back  speeds,  ±  10$  of  noainal,  would  generate  different  data  sets  :  a  collation  of  these 
transcriptions  could  on  occasions  be  used  to  form  a  complete  data  block.  Throughout  the 
trial  the  transcription  unit  and  the  data  tape  play  speed  proved  to  be  the  aost 
unsatisfactory  coaponent  of  the  monitoring  Investigation. 

Data  reduction  was  undertaken  on  a  DEC  L5I-11/E3  coaputer  using  instruaentation 
calibrations  to  convert  to  engineering  units.  Data  correction,  analysis,  trending  and 
plotting  were  carried  out  using  standard  routines  written  in  FORTRAN. 

M.  RBSOLTS  AMD  DATA  AMALISIS 

The  data  acquisition  systea  was  installed  in  Chinook  helicopter  A15-009  for  2  years  when 
it  was  removed  prior  to  the  helicopter  under  going  a  major  servicing  :  the 
instruaentation,  wiring  looms  were  however  left  in  the  aircraft.  In  the  course  of  the 
trial  18  engines  changes  occurred,  7  on  the  starboard  and  11  on  the  port  side.  A  post 
analysis  of  the  engine  records  showed  that  only  7  removals  were  indicative  of  faults 
which  could  have  been  diagnosed  by  perforaance  trending,  ie  FCU,  air  leaks  froa 
coapressor  gallery  etc.  Exaainations  of  all  aonltored  data  revealed  that  only  7  engines 
had  data  trends  with  acre  than  60  points,  and  of  these  only  two  were  associated  with  the 
7  engines  removed  for  gas  path  related  problems.  One  of  these  was  due  to  an  FCU  change 
whilst  the  other  was  a  high  HIT  reading  which  had  occurred  at  the  begining  of  a  trend 
record  and  was  corrected  by  a  change  in  the  T^  harness  without  a  permanent  engine 
removal. 

4 . 1  Data  leduotlon  and  Soreealng 

Initial  data  analysis  was  carried  out  by  plotting  performance  curves  for  CPR,  CTR,  TORC 
etc  against  The  value  of  CPR  etc  was  determined  froa  an  arithmetic  mean  of  the 
individual  values  of  po,  and  P*  from  the  data  block.  The  means  were  therefore  an 
average  of  15  noainally^steady  slate  points.  Typical  plots  for  CPR  and  CTR  against  an 
N^q  baseline  are  given  in  Figure  6,  while  Figure  9  gives  a  cross  plot  of  CTR  versus  CPR 
for  the  data  of  Figure  6.  In  both  sets  of  plots  the  data  scatter  is  small.  The  only 
measurement  to  exhibit  large  scatter  bands  was  Torque  ;  these  plots  were  much  more 
Inconsistent.  Analysis  of  the  raw  data  from  a  typical  record  block  indicated  large 
differences  in  the  magnitude  of  the  tonjue  aeasurement.  Variations  of  individual 
readings  for  p^,  Te,  Torque  froa  a  data  block  with  tiae  (0*15  secs)  are  given  in  Figure 
10,  together  ^witn  respective  values  of  standard  deviation  and  coefficient  of 
variation.  The  high  value  of  CVA  for  torque  appears  to  be  a  result  of  aperiodic  "drop 
outs"  in  the  indicating  systea  which  were  not  picked  up  by  the  analogue  cockpit  gauge. 
Applications  of  standard  statistical  rejection  criteria  (±2  a  )  for  exaaple  were  not 
totally  successful!  in  eliminating  the  erroneous,  and  obvious,  torque  variations  and  an 
alternative  data  rejection  algorithm  was  developed.  This  algoritha  used  a  ooabination 
of  engineering  Judgeaent  and  statistical  principles  and  Incorporated  a  selective  use  of 
data  means,  standard  deviations  and  coefficients  of  variations.  Figure  11  illustrates 
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the  process  on  soae  sasple  torque  data  in  rejecting  an  obvious  data  "outlier"  wbicb  if 
left  in  would  have  degraded  tbe  data  aean*  Tbe  rejection  algoritba  was  used  in  tbe 
initial  data  reduction  program  and  applied  to  all  recorded  data.  It  is  interesting  to 
note  that  it  bad  only  a  significant  effect  on  the  torque  values,  Table  2  shows  typical 
result  for  p^,  and  Torque. 

TiBLB  2 


DATA 

UITIAL 

PUAL 

MEASURAND 

X  a 

CVA 

X 

a  CVA 

P3 

86.0  1.2 

1.4 

86.9 

.95  1.1 

Ts 

938  6 

.6 

939 

3.8  .9 

TOR 

98  9 

8.3 

50.2 

.65  1.3 

Not  withstanding  the  above  selection  procedure  the  torque  data  were  still  named  by  much 
higher  scatter  than  the  other  variables,  and  throughout  the  trial  it  posed  a  significant 
obstacle  to  generating  representative  trends  in  many  of  the  independent,  or  design 
variables.  A  further  problen  in  the  data  analysis  was  the  large  distance  between  ARL 
and  RAAP  Anberley,  and  the  consequent  tine  delay  in  checking  consistency  of  data.  On 
many  occasions  at  least  a  month  elapsed  between  data  recording  and  data  analysis. 
Considerable  data  would  be  lost  if  a  probe  were  broken  or  incorrectly  installed.  A 
further  problen  in  the  analysis  was  the  lack  of  engine  numbers  inscribed  on  to  the  tape: 
at  least  twice  an  engine  change  bad  taken  place  and  had  not  been  correctly  identified. 
However  step  changes  in  data  trends  readily  indicated  this  fault.  Notwithstanding  the 
above  comments  the  basic  quality  of  the  data  was  good,  and  considered  adequate  for 
diagnostic  purposes  provided  a  comprehensive  check  of  the  records  was  carried  out. 

4.2  Caae  Studies 


As  mentioned  above  little  of  the  data  recorded  had  immediate  application  to  performance 
trending  and  gas  path  diagnostics,  however  a  number  of  cases  warranted  further 
investigation,  and  provided  good  examples  of  problems  occuring  in  service,  three  of 
these  are  presented  as  case  studies  : 

.  Data  Consistency  -  CASE  I 
.  Deterioration  in  Performance  -  CASE  II 

Component  Change  -  CASE  III 

It  should  be  noted  that  the  analysis  of  these  cases  was  carried  out  retrospectively; 
analysis  in  real  time  may  not  have  provided  such  definitive  conclusions. 

CASE  t  -  Data  Consistency 

This  particular  case  emphasises  tbe  need  to  monitor  closely  the  changes  in  engine  - 
instrumentation  -  calibration  configuration.  In  the  course  of  the  trial,  the 
electrical  connections  for  both  engines  N^  recording  systems  were  reversed  as  part  of  a 
trouble  shooting  exercise.  Failure  to  include  this  fact  in  the  initial  trend  analysis 
resulted  in  a  step  change  in  all  measured  and  calculated  variables.  It  should  be  noted 
that  N|^  was  the  baseline  parameter.  Although  the  perturbations  in  trends  were 
eliminated  by  application  of  a  statistical  outlier  algorithm  developed  by  Frith, 
Reference  9,  it  did  raise  doubts  about  the  quality  and  consistency  of  the  data.  Cross 

correlations  of  both  sets  of  engine  data,  in  this  case  for  corrected  fuel  flow,  Figure 

12,  immediately  showed  that  the  outlier  data  points  were  in  fact  from  different  families 
and  not  true  faulty  data  points.  Reprocessing  trends,  with  these  points  reversed, 
eliminated  the  perturbations  without  resort  to  an  outlier  algorithm.  This  data  "mix-up" 
should  not  have  occurred  if  the  data  had  been  processed  at  unit  level  in  real  time  : 

flags  would  have  been  set  showing  the  change  in  electrical  configuration. 

CASE  II  -  Performance  Deterioration 

Analysis  of  measured  data  trends  for  this  engine  indicated  a  clear  downward  slope,  or 
fall  off,  in  fuel  flow  and  torque,  there  was  also  a  minor  yet  perceptible  reduction  in 
power  turbine  inlet  temperature  T5.  Figure  13  details  the  results  for  fuel  flow  with  a 
single  piece-wise  linear  least  square  fit  showing  the  downward  slope.  Application  of 
the  gas  path  algorithms  or  fault  matrix,  not  suprisingly,  diagnosed  a  reduction  in  gas 
generator  turbine  nozzle  area  Ai|,  Figure  14,  and  a  reduction  in  engine  mass  flow  WA, 
Figure  15.  However  because  of  the  assumptions  used  in  developing  the  fault  matrix. 
Figure  2,  an  increase  in  power  turbine  efficiency  was  also  predicted.  Figure  16. 
Conversely,  because  of  the  assumption  that  *  '^^5  ,  a  decrease  in  power  turbine 

nozzle  area  would  also  have  been  predicted.^  In  this  case  it  is  not  possible  to 
discriminate  accurately  as  to  which  turbine  was  at  fault.  Further  data  in  terms  of 
either  turbine  inlet  or  exhaust  gas  temperatures  are  required.  This  uncertainty  is  a 
major  fault  of  the  assumptions  required  in  simple  URBAN  analysis.  Application  of 
uncertainty  techniques  as  proposed  by  Frith  A  Frith  Reference  10  could  perhaps  help  in 
the  discrimination  process  if  sufficient  data  were  available. 
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Cross  correlstion  of  this  fault  In  the  actual  engine  was  not  possible  as  the  diagnostic 
analysis  was  carried  out  soae  ties  after  the  aonitoring  prograue  had  been  terainated 
and  the  engine  allocated  to  another  aircraft. 

CA3B  III  •>  Coapoaent  Chaage 

In  this  last  exaaple  a  double  piece-wise  linear  least  squares  fit  was  applied  to  the 
trend  data.  The  results  indicated  saall  but  distinct  changes  in  the  aeasured 
paraaeters  po  and  Tci  Figure  17  and  16.  A  single  least  squares  fit  could  have  easily 
aasked  the  (mange  fn  and  the  p^  change  would  have  been  Interpreted  Incorrectly. 
When  both  po  and  changes  are  considered  together  it  Is  suggestive  that  the  engine 
operating  or  running  line  has  been  aodified  :  this  is  consistent  with  a  change  in  the 
fuel  control  unit  (FCU)  However  as  this  fault  or  coaponent  aodiflcation  was  not 
"prograaaed"  into  the  fault  aatrix  an  alternative  raison  d'etre  must  be  generated.  In 
this  case  an  increase  in  coapressor  efficiency  was  predicted  see  Figure  19.  This  result 
is  unlikely  as  there  has  been  no  cowiensurate  change  in  Turbine  Inlet  Teaperature  T|^, 
Figure  20.  Ezaaination  of  englne/aircraft  aaintenance  records  for  Chinook  009  indicated 
that  an  FCU  change  had  occurred  at  precisely  the  indicated  trend  point.  Prior  to  the 
FCU  change  Torque  levels  on  the  reported  engine  were  observed  to  be  erratic  and  at  high 
levels.  Whilst  this  was  consistent  with  the  trend  records  for  torque  the  latter  were 
Judged  inconclusive  due  to  the  large  inherent  scatter  in  that  aeasurand.  The  reason  for 
the  in  service  FCU  change  was  a  attributed  to  a  slow  tiae  for  the  engine  >  N.  -  to 
unwind  as  the  throttle  was  retarded.  This  fault  would  not  have  been  recorded  or 
analysed  in  the  trial  as  only  steady  state  data  records  were  used.  A  transient 
diagnostic  procedure,  as  being  developed  by  Herrington,  Reference  11,  could  possibly 
have  indicated  the  FCU  fault  by  assessing  changes  in  the  engine  spool  dynaaics,  provided 
transient  data  records  were  available. 


C0WCL03I0W3 

A  helicopter  engine  perfornance  aonitoring  progranne,  covering  the  installation  of  an 
autosatlc  data  recorder  and  its  instruaentation,  the  development  of  fault  algorithms, 
and  the  analysis  of  data  has  been  described.  The  in  service  trial  on  a  RAAF  Chinook 
helicopter  was  most  ambitious,  and  suffered  due  to  the  large  distance  between  the 
helicopter  operating  base  and  the  laboratory  at  which  the  programme  was  managed  and  data 
analysis  carried  out.  On  occasions  this  resulted  in  many  weeks  delay  before  data 
reduction  could  be  undertaken  or  equipment  faults  remedied.  Notwithstanding  this,  and 
the  limited  resources  deployed  on  the  total  programme,  the  results  were  most 
promising.  Major  problems  occurred  due  to  torque  sensor  "drop-out"  and  variability  of 
data  cassette  recording  speed  due  to  helicopter  vibration.  These  faults  reduced  the 
range  and  quantity  of  the  data  available.  Further  problems  also  occurred  due  to  the 
relatively  large  number  of  engine  changes,  and  the  lack  of  an  engine  number  -  identifier 
-  on  the  tape. 

Analysis  of  the  results  showed  that  there  was  little  scatter  in  the  data  (with  the 
exception  of  torque)  and  that  data  trends  for  both  measured  and  calculated  gas  path 
parameters  were  clearly  visible.  The  trends  indicated  that  overall  performance 
deterioration  could  be  inferred  from  long  term  trending  whilst  diagnosis  of  individual 
or  component  faults  could  be  identified  and  diagnosed  from  step  changes  in  both  measured 
and  calculated  variables.  Precise  interpretation  of  the  trend,  especially  the  step 
changes,  was  difficult  due  to  the  simple  fault  matrix  used.  The  form  of  the  matrix  was 
directly  related  to  the  small  number  of  aeasurands  available  and  the  assumptions  used  in 
the  analysis.  A  developed  or  operational  system  should  incorporate  at  least 
measurements  of  inter-turbine  pressure  (Pc)  and  exhaust  gas  temperature  (Tg)  in  order 
that  faults  can  be  related  to  either  the  high  or  low  pressure  turbines.  More  consistent 
torque  records/data  would  also  be  required. 

Overall  the  trial  has  demonstrated  that  an  automatic  performance  monitoring  programme  on 
a  military  helicopter  is  a  viable  proposition,  and  that  the  monitoring  system  can  be 
retrofitted.  It  has  also  shown  that  data  can  be  acquired  which  are  much  superior  in 
quality  and  prognostic  capabilities  to  that  available  from  either  a  HIT  or  IFM  check. 
However  before  such  a  system  is  adopted  for  fleetwide  use,  the  basic  ground  hardware  and 
developed  software  should  be  available  at  an  early  stage  of  the  installation. 
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SUMMARY 

The  Canadian  Department  of  National  Defence,  in  conjunction  with  the  Engine 
Laboratory  of  the  National  Research  Council  Canada,  Initiated  a  project  for  the  evalua¬ 
tion  of  gas  path  coatings  on  the  Allison  TS6  engine.  The  objective  of  this  work  was  to 
evaluate  blade  coatings  in  terms  of  engine  performance  effects  and  material  durability. 
The  project  included  a  study  of  the  Influence  of  rebuilding  the  compressor  on  perfor¬ 
mance,  since  dismantling  and  rebuilding  was  required  for  the  coating  process. 

This  paper  describes  the  compressor  rebuild  study,  including  the  overall 
objectives,  the  test  set-up,  the  performance  effects,  and  the  uncertainty  of  the 
measured  results.  The  impact  of  this  work  on  the  coatings  project  is  also  documented. 

1.0  BACKGROUND 

In  1983,  the  Canadian  Department  of  National  Defence  expressed  serious  concerns 
over  the  rapidly  escalating  cost  of  operation  and  maintenance  of  aircraft  gas  turbine 
engines.  The  components  of  major  concern  were  compressor  and  turbine  blades  and  vanes. 
The  increasing  rate  of  rejection  of  these  items  during  overhaul  prompted  a  reassessment 
of  the  time  between  overhaul  for  certain  engine  types. 

The  blades  and  vanes  of  gas  turbine  engines  are  susceptible  to  deterioration  as  a 
result  of  erosion  and  corrosion.  The  deterioration  (increased  surface  roughness,  loss 
of  material,  and  alteration  of  aerodynamic  profile)  manifests  itself  in  terms  of  reduced 
stall  margin  and  lower  performance,  characterized  by  poorer  fuel  economy  and  increased 
operating  temperatures.  The  T56  engines  used  In  the  C130  Hercules  and  the  CP140  Aurora 
aircraft  have  proven  susceptible  to  this  type  of  deterioration* 

Recently,  advances  have  been  made  in  the  state  of  the  art  in  blade  coating 
technologies.  In  addition  to  offering  erosion  and  corrosion  protection,  these  new 
"super  smooth"  coatings  are  claimed,  by  their  manufacturers,  to  offer  significant 
aerodynamic  performance  improvements.  Modern  blade  coatings  have  not  previously  been 
qualified  on  T56  engines.  Since  smoothness  effects  are  a  function  of  blade  Reynolds 
number,  which  is  dependent  on  engine  size  and  speed,  claims  based  on  evaluations  on 
other  engines  were  not  satisfactory.  Thus,  there  was  a  requirement  to  undertake  an 
analytical  and  experimental  engine  testing  program  to  Identify  and  quantify  the  effects 
of  coating  a  compressor. 

As  the  program  involved  considerable,  high-accuracy  engine  testing,  the  Canadian 
Forces  requested  the  support  of  the  National  Research  Council  of  Canada  to  undertake 
this  evaluation  and  qualification*  While  the  engineering  documentation  (blade  frequency 
response,  durability  testing,  surface  finish,  etc.)  and  the  material  characteristics 
study  were  assigned  to  the  Materials  Laboratory,  the  Engine  Laboratory  was  requested  to 
perform  a  performance  evaluation  on  a  coated  engine.  The  Engine  Laboratory  has  actively 
supported  the  development  of  military  aero  engine  performance  monitoring  and  fault 
Isolation  procedures.  Current  projects  are  aimed  at  correlating  changes  in  gas  turbine 
component  and  overall  engine  performance  to  physical  degradation  in  the  engine. 

The  Engine  Laboratory  was  tasked  to  evaluate  the  effect  of  coatings  on  engine 
performance  and  efficiency,  and  make  recommendations  for  subsequent  widespread  use  of 
coatings  for  operational  application  on  the  T56  and  other  gas  turbine  engines. 

Since  the  compressor  must  be  disassembled  in  order  to  be  coated,  it  was  deemed 
necessary  to  isolate  the  effect  on  performance  of  the  rebuild  from  that  of  the  coating. 
To  achieve  this,  a  program  comprising  three  consecutive  rebuilds  was  established  which 
would  quantify  the  portion  of  any  performance  shift  which  was  not  attributable  to  the 
coating  Itself.  The  assessment  of  the  results  from  this  rebuild  program  forms  the  basis 
of  this  paper.  The  specific  objective  of  this  paper  is  to  establish  the  magnitude  of 
the  change  in  compressor  and  overall  engine  performance  which  was  caused  bv  the 
dlsassembly/reassembly  of  the  compressor  during  overhaul. 

2.0  BXPBRINBNTAL  INSTALLATION 

To  properly  assess  the  various  effects  of  a  compressor  rebuild  on  the  performance 
of  a  gas  turbine  engine,  a  sophisticated  test  set-up,  with  specialized  instrumentation 
was  required.  A  description  of  the  engine,  instrumentation  and  test  facility  used  for 
this  assessment  is  included  to  illustrate  the  complexity  of  this  project. 
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2.1  BHGINB  OBSCRIPTION 

The  test  vehicle  being  used  for  this  rebuild  study  is  the  Allison  T56-A14LPE 
single-spool  turboprop  engine  from  a  CP-140  Aurora  patrol  aircraft.  This  engine  is  an 
excellent  candidate  for  this  study  because  it  has  no  variable  geometry  or  transient 
bleed  valve  operation  that  might  vary  the  back-to-back  performance  of  the  engine.  The 
particular  engine  used  in  these  tests  had  no  flying  hours  since  It  was  originally  built. 
The  T56  engine  has  a  fourteen  stage  compressor,  with  bleed  valves  which  are  only  open 
below  the  idle  speed,  a  six  can  combustor,  and  a  four  stage  turbine.  The  single  shaft 
is  coupled  to  a  reduction  gearbox  mounted  forward  of  the  compressor.  For  the  NRCC 
tests,  power  was  transmitted  through  the  gearbox  to  a  flywheel  and  a  Proude  waterbrake 
dynamometer,  which  replaced  the  propeller  used  on  the  aircraft.  A  schematic  diagram  of 
the  engine  test  set-up  is  shown  in  Figure  1.  The  figure  illustrates  how  the  engine, 
gearbox,  dynamometer,  and  inlet  duct  were  arranged  in  the  test  stand. 

The  engine  control  is  one  of  a  constant  speed  design  using  a  governor  to  maintain  a 
constant  rotor  speed  of  13820  RPM.  Power  is  controlled  by  setting  the  turbine  inlet 
temperature  with  the  power  lever  angle.  In  the  experimental  program,  the  engine  was  run 
at  a  fixed  aerodynamlcally  corrected  rotational  speed  to  provide  a  common  basis  for 
comparison.  This  required  that  the  mechanical  speed  of  the  engine  be  adjusted  using  the 
dynamometer,  as  a  function  of  the  ambient  temperature.  The  procedure  used  for  each  test 
run  consisted  of  establishing  a  series  of  increasing  power  settings,  for  a  given 
corrected  rotor  speed.  At  each  power  setting,  the  engine  was  allowed  to  stabilize  for 
five  minutes,  then  two  sets  of  data  were  recorded.  Typically,  up  to  six  power  settings 
(12  data  points)  were  recorded  for  each  test. 

2 . 2  INSTRUMENTATION 

Instrumentation  used  on  the  T56  was  divided  into  two  categories,  external,  and 
internal.  The  external  instrumentation  Included  a  high  Mach  number  airmeter  in  front  of 
the  engine,  compressor  inlet  pressure  and  temperature  rakes,  a  tailpipe  airmeter  mounted 
after  the  turbine,  vibration  sensors  on  the  engine  carcass,  and  turbine-type  fuel 
flowmeters.  The  high  velocity  airmeter  facilitated  accurate  flow  measurement  because  of 
the  large  local  difference  between  the  total  and  static  pressure.  A  diffuser  mounted 
behind  the  airmeter  reduced  the  airspeed  down  to  a  normal  entrance  velocity.  The 
Internal  instrumentation  consisted  of  total  temperature  and  pressure  probes  in  every 
stage  of  the  compressor,  as  well  as,  compressor  discharge  and  turbine  inlet  pressure/ 
temperature  rakes.  With  this  degree  of  instrumentation,  it  was  possible  to  monitor  not 
only  the  condition  of  the  overall  engine,  but  also  the  performance  of  its  major 
components,  and  the  individual  compressor  stages.  This  report  is  limited  in  scope  to  an 
assessment  of  the  data  collected  for  the  overall  engine  and  its  major  components. 

The  data  were  recorded  using  a  NEFF  620  data  acquisition  system  controlled  by  a  DEC 
POP  11/34  computer.  For  each  test,  the  engine  was  operated  at  a  constant  speed  over  its 
full  power  range.  At  various  established  power  settings,  a  five  minute  stabilization 
period  was  observed  before  two  three  minute  steady-state  data  scans  were  initiated, 

2.3  TBST  FACILITY 

The  test  cell  used  for  the  rebuild  testing  at  the  Engine  Laboratory  NRCC,  at 
Ottawa,  Canada,  was  Cell  No.  2.  Ambient  'ilr  enters  vertically  from  the  roof  through  a 
retractable  door.  The  planar  dimension  of  the  cell  is  a  constant  4.6  x  4.6  metres 
throughout  the  test  section.  Engine  exhaust  and  the  entrained  secondary  airflow  egress 
from  the  cell  through  a  collector/augmcntoc  tube  to  a  vertical  stack  that  discharges  to 
the  atmosphere.  There  Is  no  acoustic  attenuation  in  the  inlet  or  outlet  of  the  test 
cell.  The  entire  cell  is  constructed  of  heavy  reinforced  concrete.  The  walls  are 
covered  with  a  100  ram  thick  acoustic  barrier  to  minimize  noise  propagation.  The 
control,  observation,  and  data  acquisition  room  is  located  on  the  starboard  side  of  the 
cell.  An  operator's  window  and  a  closed  circuit  television  camera  permit  visual 
monitoring  of  the  engine. 

Since  humidity  affects  the  thermodynamic  properties  of  the  engine  cycle,  the 
following  atmospheric  limitations  were  observed  to  avoid  condensation  in  the  inlet  air 
stream  and  minimize  performance  corrections: 

maximum  relative  humidity:  75% 

maximum  absolute  humidity:  14  g  water  per  kg  of  air. 

Humidity  corrections  for  specific  heat  ratios  used  in  the  calculation  of  airflow 
were  obtained  from  Reference  9. 

3.0  SUMMARY  OF  TESTING  AND  REBUILD  PROCEDURES 

In  an  attempt  to  Isolate  the  effects  of  a  compressor  rebuild  by  monitoring  small 
thermodynamic  performance  changes,  a  highly  structured  test  plan  was  required.  To 
achieve  this  goal,  a  test  sequence  was  established  which  would  best  suit  the  require¬ 
ments  of  the  rebuild  study,  based  on  the  knowledge  of  how  the  rebuilds  were  to  be 
performed. 
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3.1  TBST  SBOUBMCB 

To  establish  the  effects  of  rebuilding  the  compressor  on  overall  engine  perfor¬ 
mance,  a  comparison  of  the  results  of  three  rebuilds  was  chosen.  A  larger  sample  would 
have  been  preferred,  however,  there  were  significant  cost  and  time  constraints  on  the 
project.  The  T56-A-14LFB  engine  chosen  for  the  testing  had  no  flight  hours,  in  order  to 
develop  a  legitimate  "as-new”  baseline.  Baseline  testing  of  the  engine  was  performed  to 
establish  the  "as-received"  condition  of  the  engine.  Performance  signatures  of  the 
overall  engine  and  all  its  individual  components  were  then  quantified.  During  the  test 
runs,  data  were  recorded  while  the  engine  was  operating  at  a  constant  corrected  rotor 
speed.  Several  different  corrected  speeds,  ranging  from  13,000  to  14,500  RPM  were  run 
to  assess  the  effects  of  corrected  speed  on  any  performance  changes. 

After  the  baseline  testing  was  completed,  the  engine  was  sent  to  the  overhaul 
contractor  to  be  disassembled  and  rebuilt  following  normal  procedures.  Upon  return  to 
NRCC,  the  engine  was  retested  using  the  same  procedures  utilized  in  the  baseline  tests. 
Following  this  testing,  the  engine  was  sent  for  the  second  rebuild,  returned,  and 
retested.  Currently,  the  engine  is  undergoing  its  third  and  final  rebuild. 

3.2  REBUILD  PROCEDURE 

The  rebuild  procedu:re  used  for  this  project  consisted  of  a  disassembly,  inspection, 
and  reassembly  of  the  ccnpressor  section  only.  For  each  rebuild,  the  engine  was  removed 
from  the  NRCC  test  cell,  and  shipped  to  the  overhaul  contractor.  Standard  Aero  Ltd.  in 
Winnipeg ,  Manitoba. 

The  disassembly  procedure  entailed  the  removal  of  the  turbine  and  combustor 
modules,  leaving  only  the  compressor.  The  compressor  casing  was  then  removed  from  the 
rotor,  and  the  stator  vanes  were  then  detached  from  the  casing.  The  rotor  was  unstacked 
and  all  the  individual  blades  were  removed.  During  removal,  each  blade  was  numbered,  so 
that  it  could  be  returned  to  its  original  position  upon  reassembly.  After  disassembly, 
each  piece  underwent  a  petroleum  solvent  wash  followed  by  an  inspection  to  insure  that 
no  parts  ate  damaged.  Corrugated  seals  for  stator  vane  segments  were  not  replaced,  nor 
were  labyrinth  seals  reworked.  Measurements  of  critical  dimensions  such  as  blade  tip 
clearances,  vane  axial  clearances,  and  rotor  balance  condition  were  recorded  before 
disassembly  and  after  reassembly.  During  the  first  rebuild,  these  measurements  revealed 
that  the  axial  clearance  between  the  rotor  and  stator  of  several  stages  was  out  of 
tolerance.  This  may  have  occurred  because  of  shifting  during  operation  or  improper 
assembly  of  the  original  build  by  the  manufacturer.  During  reassembly,  the  clearances 
were  set  within  the  specified  tolerances. 

Upon  reassembly  of  the  compressor  case,  the  stator  vane  axial  clearances  were  set* 
The  rotor  blades  were  replaced  in  the  same  numbered  order,  and  their  balance  checked. 
The  entice  compressor  was  then  mated  with  the  combustor  and  turbine  modules,  and  a 
functional  test  was  performed.  The  engine  was  then  returned  to  NRCC  for  testing. 

4.0  DATA  PRESENTATION 

Data  recorded  during  a  test  were  stored  in  basic  engineering  units  so  that 
observers  could  visually  check  the  data  quality  as  the  test  progressed.  After  a  test 
was  completed,  the  data  were  reduced  to  absolute  values,  and  used  to  calculate  perfor¬ 
mance  parameters  such  as,  pressure  and  temperature  ratios,  corrected  air  and  fuel  flow, 
etc.  These  performance  parameters  were  then  curvefitted  to  quadratic  equations,  using  a 
least  squares  method.  The  dependent  variable  for  curvefitting  engine  data  was  corrected 
turbine  inlet  temperature.  Comparisons  between  various  test  runs  were  then  made  using 
the  curvefitted  values  of  each  parameter.  All  data  presented  in  this  study  were  taken 
at  100  percent  corrected  rotor  speed,  or  13,820  RPM.  For  curvefit  comparisons,  the 
reference  value  used  for  the  corrected  turbine  inlet  temperature  was  2200  degrees 
Rankine . 

Engine  station  designations  used  for  the  T56  are  numbered  as  shown  in  Figure  2,  in 
accordance  with  the  SAL-755A  recommendations  (Reference  5).  To  facilitate  comparisons 
with  manufacturer's  data,  the  performance  parameters  are  presented  in  the  U.S. 
Inconsistent  system  of  units  (Reference  12). 

4.1  EFFECTS  OF  AMBIENT  CONDITIONS 

The  NRCC  test  cell  has  no  provision  for  controlling  the  ambient  inlet  air  tempera¬ 
ture.  The  engine  was  therefore  operated  over  a  wide  range  of  temperatures  experienced 
over  the  Canadian  seasons.  All  performance  data  were  corrected  to  standard  day 
reference  conditions  for  comparison.  Previous  experience  at  NRCC  (Reference  1)  and 
other  test  facilities  (Reference  2),  suggests  that  the  normal  standard  day  corrections 
do  not  ensure  that  the  data  will  collapse  to  a  single  curve.  Since  temperature  lapse 
rate  data  were  not  available  for  all  of  the  parameters  being  considered  in  this  study, 
test  data  presented  here  were  all  recorded  at  similar  ambient  temperature  conditions. 

The  use  of  the  long  inlet  duct  on  the  T56  (Figure  l>  causes  a  significant  pressure 
loss  and  distortion  at  the  compressor  face.  This  pressure  loss  simulates  an  altitude  of 
nearly  500  metres  and  a  ram  pressure  ratio  of  approximately  0.97.  The  ram  pressure 
ratio  Is  defined  as  the  ratio  of  the  compressor  inlet  total  pressure  divided  by  the 
static  pressure  at  the  exhaust  exit  plane.  The  effect  of  ram  pressure  ratio  on  output 
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poi^er  is  accounted  Cor  using  the  manufacturer's  procedures  (References  6  and  7). 
However!  there  are  no  guidelines  for  any  other  parameters  which  may  be  affected  by  the 
ram  conditions. 

5.0  TEST  RESULTS 

For  this  study#  fourteen  performance  parameters  were  chosen  to  describe  the 
condition  of  the  engine  for  each  power  setting.  The  selection  of  appropriate  parameters 
was  made  to  analyze  the  performance  of  the  overall  engine  and  of  its  individual  com- 
ponents!  namely  the  compressor#  combustor  and  turbine.  To  assess  the  compressor 
behavior*  Isentropic  efficiency#  corrected  airflow#  corrected  speed,  and  compressor 
pressure  and  temperature  ratios  were  examined.  For  combustor  performance,  combustor 
pressure  and  temperature  ratios  were  analyzed.  Isentropic  efficiency  was  picked  as  a 
suitable  parameter  to  describe  the  performance  of  the  turbine.  Corrected  fuel  flow, 
corrected  output  power#  and  specific  fuel  consumption  were  chosen  for  overall  engine 
behavior#  as  were  engine  temperature  and  pressure  ratios.  Corrected  torque  was  added  as 
a  redundancy  check  on  corrected  output  power. 

Most  of  the  performance  parameters  chosen  for  this  study  are  commonly  used  in  the 
existing  literature  (Reference  13).  However#  on  the  T56  engine,  the  presence  of  both 
turbine  inlet  temperature  and  pressure  provided  several  additional  parameters  which  are 
normally  excluded  from  many  engine  test  results.  Combustor  pressure  and  temperature 
ratios  and  turbine  efficiency  are  notable  examples  of  such  additional  parameters. 

Since  only  the  compressor  was  disassembled  during  the  rebuild  sequence,  the 
strongest  emphasis  was  in  monitoring  changes  in  the  compressor  performance  and  in  turn, 
the  effects  on  the  overall  engine  performance.  Combustor  and  turbine  performance  are 
included  to  see  if  a  change  in  compressor  operation  affects  any  of  the  downstream 
components. 

5.1  OftTA  QUALITY 

There  are  many  indicators  of  the  data  quality  in  any  given  set  of  engine  test 
results.  Influences  of  the  test  facility  on  engine  operation  are  best  typified  by 
plotting  the  inlet  and  exhaust  pressures,  and  temperatures  as  a  function  of  power 
setting.  Indications  of  engine  thermal  stability  may  be  detected  by  observing  the 
repeatability  of  the  readings  of  engine  spool  speed  and  temperature  and  pressure  ratios 
throughout  the  engine. 

For  this  study,  the  quality  of  the  data  for  each  test  was  determined  by  the 
back«to*back  repeatability  of  each  of  the  performance  parameters.  This  was  done  by 
comparing  the  deviations  of  the  individual  data  points  from  the  curvefitted  quadratic 
equations  derived  from  the  data.  A  mean  value  of  the  deviation  of  the  data  from  its 
curve  was  used  to  establish  the  repeatability  of  each  parameter  within  each  test. 

To  establish  the  quality  of  the  data  recorded  within  each  rebuild^test  sequence,  an 
analysis  of  the  run-^to-run  repeatability  was  performed.  This  analysis  consisted  of 
comparing  curvefitted  test  data  recorded  under  the  same  ambient  conditions  during  the 
same  rebuild  sequence.  A  mean  deviation  between  the  curveflts  of  each  of  the  perfor** 
mance  parameters  was  then  used  to  define  the  repeatability  within  each  rebuild. 

An  estimate  of  the  overall  repeatability  of  each  of  the  parameters  was  accomplished 
by  combining  the  back-to-back  and  run-to-run  repeatabilities.  With  these  estimated 
uncertainty  values,  a  true  comparison  of  the  bulld-to-build  effects  would  be  carried 
out. 


S.1.1  BACK-TO-BACK  REPEATABILITY 

For  each  power  setting  during  a  test,  two  complete  scans  were  recorded  by  the  data 
acquisition  system.  To  assess  the  back-to-back  repeatability,  the  values  of  these 
recorded  points  were  compared  to  the  values  of  the  curvefit  generated  points  at  a 
specified  corrected  turbine  inlet  temperature.  This  procedure  gave  an  indication  of  how 
close  the  repeated  data  points  were  to  each  other,  and  the  "goodness"  of  the  curvefit  to 
the  actual  data  points.  These  deviations  are  shown  in  Table  1  for  the  baseline  tests 
and  the  first  and  second  rebuilds*  A  representative  sample  of  the  back-to-back  repeat¬ 
ability  of  compressor  efficiency  and  corrected  output  power  are  shown  in  Figures  3  and 
4,  respectively. 

The  compressor  efficiency  (Figure  3),  corrected  air  and  fuel  flows  (see  Table  1) 
all  show  very  tight  repeatability  (^0.02%  to  *0.11%)  for  all  three  cases.  The 
compressor  pressure  and  temperature  ratios  also  indicate  very  small  deviations  from  the 
curve  (*0.01%  to  *0.09%),  as  do  the  combustor  pressure  and  temperature  ratios  (*0.01%  to 
*0.07%),  and  the  engine  temperature  ratio  (*0.06%  to  *0.08%).  The  corrected  output 
power  (Figure  4)  and  specific  fuel  consumption  reveal  a  larger  scatter  (*0.28%  to 
*0.38%},  especially  during  the  second  rebuild  (*0.49%  for  SFC).  The  turbine  efficiency, 
engine  pressure  ratio  and  the  corrected  torque  also  display  some  noticeable  data  scatter 
(*0.14%  to  *0.39%). 

The  deviation  in  the  corrected  output  power  and  specific  fuel  consumption  are  to  be 
expected  because  each  of  these  parameters  were  calculated  from  two  or  three  measured 
quantities.  The  scatter  in  the  turbine  efficiency  is  also  expected  because  it  is 
calculated  using  an  approximate  value  for  the  specific  heat  ratio  within  the  turbine. 


In  addition,  the  turbine  efficiency  is  an  inverse  parabolic  function,  which  may  not  be 
conducive  to  a  least  squares  quadratic  curvefit. 

5.1.2  ROH-TO-RUII  RBPBATABILITY 

Mlthin  each  rebuild  test  sequence,  at  least  three  complete  runs  were  recorded  for 
each  corrected  rotor  speed  condition.  Having  established  how  well  the  test  data  agree 
with  the  generated  curvefits,  the  next  step  was  to  determine  how  well  these  curves 
collapsed  within  each  rebuild.  To  evaluate  the  run-to-run  repeatability  of  the  data 
within  each  rebuild,  the  values  of  curvefitted  data  were  compared  from  at  least  two  runs 
taken  at  similar  ambient  conditions.  These  deviations  within  the  rebuilds  are  shown  in 
Table  2  for  the  baseline,  the  first,  and  second  rebuild.  Unfortunately,  during  baseline 
testing,  no  two  tests  were  performed  at  or  near  the  same  inlet  temperature,  so  the 
repeatability  figures  for  the  baseline,  quoted  in  Table  2,  represent  the  average  of  the 
repeatabilities  of  the  first  and  second  rebuilds.  For  compressor  efficiency  and 
corrected  output  power,  the  repeatabilities  from  the  second  rebuild  can  also  be  seen  in 
Figures  3  and  4. 

Close  examination  of  the  run-to-run  repeatability  results  (see  Table  2)  showed  that 
compressor  efficiency  (Figure  3)  and  corrected  airflow  were  reasonably  close  (iO.15%  to 
4:0.24%).  Corrected  fuel  flow  displayed  a  slight  aberration  during  the  second  rebuild 
(40,41%),  as  did  specific  fuel  consumption  during  the  first  rebuild  (40.36%).  The 
corrected  output  power  (40.39%)  and  the  corrected  torque  (40.41%  to  40.52%)  revealed 
significant  scatter  within  each  rebuild  (see  Figure  4).  Compressor  pressure  and 
temperature  ratios  were  extremely  repeatable  (40.05%  to  40.07%),  as  were  the  combustor 
(40.02%  to  40.07),  and  engine  pressure  and  temperature  ratios  (40.07%  to  40.08%).  The 
corrected  speed  (40.02%  to  40.18%)  and  the  turbine  efficiency  (40.05%  to  40.06%)  were  in 
close  agreement. 

Certain  parameters,  such  as  turbine  efficiency  and  engine  pressure  ratio  had  better 
cun-to-run  repeatability  than  back-to-back  repeatability.  In  the  case  of  turbine 
efficiency,  this  anomaly  presumably  results  from  difficulties  In  representing  the 
uniquely  shaped  efficiency  function  with  a  quadratic  equation. 

5.1.3  COHBIHBD  RfiPBATABILITY 

Before  a  comparison  '  of  the  rebuild  data  could  be  made,  it  was  necessary  to 
establish  the  overall  or  combined  repeatability  of  the  data  from  each  rebuild.  Since 
the  same  equipment,  instrumentation  suite,  data  system,  and  facility  were  used  for  each 
test,  it  is  unlikely  that  the  measurement  bias  errors  would  have  changed.  Thus  the 
population  of  observed  measurements  taken  at  the  same  environmental  conditions  for  a 
given  engine  build  would  be  combined  to  form  an  overall  datum  with  a  defined  data 
scatter.  If  when  compared  to  the  data  taken  under  similar  environmental  conditions  for 
an  engine  rebuild,  there  is  a  shift  outside  the  scatter  band,  then  a  performance  shift 
would  be  deemed  to  have  occured.  Normally  a  statistical  approach  (Reference  4)  would  be 
used  to  calculate  expected  measurement  uncertainty,  but  for  this  experiment  it  has  not 
yet  been  completed.  Lacking  this  Information,  a  more  basic  method  was  used.  To 
accomplish  this,  a  worst  case  scenario  was  assumed.  In  other  words,  it  was  assumed  that 
both  the  back-to-back  and  run-to-run  repeatabilities  were  acting  in  the  same  direction 
within  each  rebuild,  and  opposing  each  other  across  each  rebuild.  Therefore,  the 
overall  measured  repeatability  for  each  parameter  would  be  the  sum  of  all  four  observed 
repeatability  figures  (from  Tables  1  and  2),  between  the  baseline  and  its  corresponding 
rebuild.  For  example,  from  Tables  1  and  2,  the  overall  repeatability  for  compressor 
efficiency  during  the  Mrst  rebuild  would  be, 

(40,02%)  +  (40,06%)  +  (40,21%)  +  (40.24%)  =  40.53%. 

More  probable,  the  data  scatter  would  be  calculated  using  the  root-sum-square, 
which  in  this  case,  the  observed  repeatability  in  compressor  efficiency  would  be  only 
40,33%.  Thus,  the  method  chosen  to  define  the  overall  repeatabilities  for  this  rebuild 
study  always  over-estimates  the  more  appropriate  statistical  value. 

Since  the  first  rebuild  becomes  the  new  baseline  for  the  second  rebuild,  the 
overall  repeatabilities  will  be  slightly  different  for  each  cross-examination  of  rebuild 
data.  A  complete  list  of  the  overall  repeatabilities  for  each  of  the  parameters,  for 
the  first  and  second  rebuild  are  given  in  Table  3. 

For  the  first  rebuild,  several  parameters  such  as,  compressor  efficiency,  corrected 
airflow  and  fuel  flow,  turbine  efficiency,  and  engine  pressure  ratio,  all  exhibited 
overall  repeatabilities  of  approximately  40.50%.  Other  parameters  such  as,  corrected 
speed,  compressor  and  c<Habustor  pressure  and  temperature  ratios,  and  engine  temperature 
ratio,  had  overall  repeatabilities  ranging  from  40.16  percent  to  40.32  percent.  By  far 
the  largest  overall  data  scatter  appeared  in  the  corrected  output  power  (41.44%), 
specific  fuel  consumption  (41,25%),  and  the  corrected  torque  (*1.67%).  The  majority  of 
the  scatter  in  specific  fuel  consumption  was  attributed  to  the  output  power  term.  The 
corrected  torque  indicated  some  speed  dependence  which  was  accounted  for  in  the  output 
power  measurements.  The  overall  repeatabilities  for  the  second  rebuild  were  very 
similar  to  those  of  the  first  rebuild. 

In  general,  the  quality  of  the  test  data  for  the  baseline,  and  first  and  second 
rebuilds  appeared  to  be  very  good,  with  the  possible  exception  of  output  power. 


Overall,  the  test  data  recorded  for  the  rebuild  study  were  considered  to  be  of  suffi¬ 
ciently  good  quality  to  be  used  for  an  accurate  comparison. 

5.2  COMPARISON  OP  RBBOILD  DATA 

Having  established  the  overall  repeatabilities  of  the  performance  parameters 
selected  for  the  rebuild  evaluation,  one  representative  test  run  from  each  rebuild  was 
compared  to  its  corresponding  baseline.  The  observed  shifts  in  the  various  performance 
pareuaeters  are  given  in  Table  3.  Several  of  these  shifts  are  shown  graphically  In 
Figures  S  through  9.  The  results  of  each  rebuild  are  discussed  separately. 

5.2.1  FIRST  RBaaiLO  RBSOLTS 

To  assess  the  various  effects  of  the  rebuild,  the  engine  and  its  Individual 
components  were  handled  separately.  The  effects  on  compressor  performance  were  noticed 
in  the  compressor  efficiency  (Figure  5),  which  showed  an  increase  of  1.2%  from  the 
baseline  value.  This  increase  was  double  the  pessimistic  repeatability  of  the  measured 
parameter.  Corrected  airflow  (Figure  6)  showed  an  Increase  of  0.77%  from  baseline  to 
the  first  rebuild,  which  was  also  larger  than  the  repeatability.  The  compressor 
pressure  ratio  Increased  by  1.3%,  which  was  nearly  five  times  the  estimated  repeat¬ 
ability.  The  shift  in  the  compressor  temperature  ratio  was  of  the  same  magnitude  as  its 
uncertainty. 

It  was  interesting  to  note  that  the  performance  of  the  combustor  was  also  affected 
by  the  compressor  rebuild.  The  combustor  pressure  ratio  decreased  by  1.0^,  which  is 
significantly  larger  than  its  repeatability.  This  phenomenon  is  not  entirely  unexpected 
because  earlier  work  (Reference  8)  had  suggested  a  direct  relationship  between  the 
combustor  pressure  loss  and  the  flow  function  at  the  compressor  exit.  In  this  case,  the 
compressor  exit  pressure  Increased  more  than  the  airflow,  thereby  decreasing  the  flow 
function  at  the  compressor  exit.  The  effect  on  the  combustor  temperature  ratio  (■•■0.20%) 
was  negligible,  as  was  the  effect  on  the  turbine  efficiency. 

As  far  as  overall  engine  performance  was  concerned,  an  increase  of  0.73%  was 
observed  in  the  corrected  fuel  flow  (Figure  7).  Shifts  In  the  corrected  torque  (+1.5%) 
and  corrected  output  power  (+0.79%),  shown  in  Figure  8,  were  measured,  but  they  were 
within  the  overall  repeatability  band.  The  specific  fuel  consumption  (Figure  9),  showed 
no  shift  because  both  fuel  flow  and  output  power  shifted  about  the  same  amount  and  in 
the  same  direction. 

5.2.2  SBCOND  REBUILD  RESULTS 

For  the  second  rebuild,  the  first  rebuild  was  used  as  the  new  baseline  for 
comparison.  The  observed  shifts  in  the  performance  of  the  engine  and  its  components 
were  very  similar  to  the  first  rebuild.  The  compressor  efficiency  (Figure  5),  showed  a 
decrease  of  0.84%,  which  was  larger  than  the  estimated  repeatability.  The  corrected 
airflow  (Figure  6)  only  decreased  by  0.23%,  which  was  less  than  the  repeatability.  The 
ccHQpressor  pressure  ratio  also  decreased,  this  time  by  1.3%,  definitely  beyond  the 
measurement  repeatability  limits.  The  compressor  temperature  ratio  remained  unchanged. 

As  in  the  first  rebuild,  the  combustor  pressure  ratio  was  affected  by  the  changes 
in  compressor  performance.  An  increase  of  0.52%  was  observed  in  the  combustor  pressure 
ratio,  which  is  well  above  its  repeatability  estimate.  An  increase  in  the  compressor 
exit  flow  function,  resulting  from  the  compressor  exit  pressure  decreasing  more  than  the 
airflow,  could  be  the  cause  of  this  behavior.  The  combustor  temperature  ratio  was  again 
unaffected  by  the  rebuild,  as  was  the  turbine  efficiency. 

Concerning  the  overall  engine  performance,  the  corrected  fuel  flow  (Figure  7), 
decreased  by  1.4%,  which  is  more  than  twice  the  established  repeatability.  Decreases  in 
corrected  output  power  (Figure  8),  specific  fuel  consumption  (Figure  9),  and  corrected 
torque  (-0.76%)  were  observed,  but  these  shifts  were  all  below  the  projected  repeat¬ 
abilities  for  these  parameters. 

5.3  DISCUSSION  OF  THE  REBUILD  RESULTS 

The  results  of  the  two  rebuilds  were  compared  assuming  the  overall  repeatability 
was  the  worst  combination  of  all  of  the  back-to-back  and  run-to-run  repeatabilities.  In 
actual  fact,  statistically  speaking,  the  real  precision  would  be  less  than  this,  and  in 
some  cases,  much  less.  At  present  a  complete  uncertainty  analysis,  using  the  methods 
described  in  Reference  4,  Is  underway  to  more  accurately  determine  the  bias  and  preci¬ 
sion  errors.  '  comparison  of  these  errors  with  the  results  in  Table  3  may  prove  that 
the  overall  repeatabilities  estimated  in  this  study  were  too  large.  In  which  case, 
several  other  parameters,  such  as  corrected  output  power  and  specific  fuel  consumption 
may  be  included  as  significant  performance  shifts. 

The  actual  cause  for  the  observed  shifts  in  the  performance  parameters  is  open  for 
speculation.  During  the  first  rebuild,  axial  clearances  were  slightly  altered  between 
the  rotor  and  stator  of  several  of  the  compressor  stages.  In  addition,  inspections  of 
critical  internal  gas  path  dimensions  made  before  and  after  each  rebuild  (References  10 
and  11)  suggest  that  the  compressor  internal  geometry  changed  slightly,  albeit  within 
the  manufacturers  specified  tolerances.  These  minor  geometry  changes  include  seal 
clearances,  blade  tip  clearances,  and  stator  position.  Although  these  changes  are  very 
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small,  the  random  combination  of  them  nay  cause  the  compressor  performance  to  shift 
sufficiently  for  laboratory  instrumentation  to  detect  it. 

6.0  CONCLUSIOMS 

In  setting  up  a  project  to  quantify  the  effects  rebuilding  the  compressor  has  on 
the  performance  of  a  gas  turbine  engine,  there  is  always  some  difficulty  in  defining 
statistically  measurable  performance  shift.  The  data  presented  here  for  the  Allison  T56 
engine.  Illustrates  that  while  some  parameters  have  reasonably  large  repeatabilities 
associated  with  them,  others  have  quite  small  limits,  which  makes  them  ideal  for 
measuring  important  but  small  changes  in  performance. 

The  results  of  the  rebuild  study  to  date  have  indicated  that  performance  shifts 
from  simply  disassembling  and  reassembling  a  compressor  are  measurable.  The  most 
significant  shifts  appear  in  parameters  such  as  compressor  efficiency,  corrected 
airflow,  compressor  pressure  ratio,  corrected  fuel  flow,  and  combustor  pressure  ratio. 
The  latter  parameter  is  affected  because  of  a  change  in  the  exit  conditions  of  the 
compressor . 

The  effects  of  a  compressor  rebuild  are,  of  course,  statistically  random.  After 
the  first  rebuild,  the  compressor  performance  improved,  while  following  the  second 
rebuild,  the  compressor  performance  deteriorated.  Whether  or  not  these  two  rebuilds 
have  shown  the  full  extent  to  which  the  performance  may  change  is  unknown.  The  third 
and  final  rebuild  will  add  to  this  knowledge. 

The  Impact  of  the  rebuild  study  on  the  compressor  blade  coating  is  important.  To 
the  users  of  coated  engine  parts,  the  performance  parameters  of  most  concern  are  output 
power  and  specific  fuel  consumption.  The  repeatabilities  associated  with  these  para¬ 
meters  are  larger  than  most  other  parameters  and  thus  only  gross  shifts  could  be 
detected.  The  same  may  be  said  for  engine  health  monitoring  (EHM)  testing,  where  faults 
are  implanted  in  engine  components  to  detect  performance  changes. 

7.0  RBCOMMBNDATIONS 

It  is  recommended  that  more  attention  should  be  paid  to  the  effects  of  temperature 
variation  on  the  T56  engine.  This  would  allow  a  larger  supply  of  data  from  which  a  more 
confident  set  of  repeatability  estimates  may  be  obtained.  Until  such  time,  data  should 
only  be  compared  when  it  has  been  recorded  at  the  same  ambient  temperature  conditions* 

When  analyzing  data  taken  from  the  blade  coating  project  and/or  implanted  fault 
studies,  the  effects  of  the  rebuilding  of  the  compressor  should  be  considered.  This 
implies  increasing  the  uncertainty  interval  on  certain  parameters  when  comparing  data 
taken  across  a  compressor  rebuild. 
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TABLB  It  8ACK*10-BACK  RBPBATABILITY 


PARAMBTBR  DEVIATION  FROM  CURVE  (%) 


BASELINE 

FIRST 

REBUILD 

SECOND 

REBUILD 

Conpressor  efficiency 

±0.02 

±0.06 

±0.08 

Corrected  airflow 

±0.06 

±0.06 

±0,11 

Corrected  fuel  flow 

±0.07 

±0.10 

±0.09 

Corrected  output  power 

±0.28 

±0.38 

±0.35 

Specific  fuel  consumption 

±0.28 

±0.29 

±0.49 

Corrected  speed 

±0.01 

±0.03 

±0.04 

Compressor  pressure  ratio 

±0.05 

±0.09 

±0.08 

Compressor  temperature  ratio 

±0.01 

±0.04 

±0.05 

Turbine  efficiency 

±0.20 

±0.23 

±0.23 

Combustor  temperature  ratio 

±0.01 

±0.03 

±0.04 

Combustor  pressure  ratio 

±0.07 

±0.04 

±0.05 

Engine  temperature  ratio 

±0.06 

±0.07 

±0.08 

Engine  pressure  ratio 

±0.15 

±0.14 

±0.15 

Corrected  torque 

±0.30 

±0.39 

±0.35 

Refoceace:  Corrected  soeed  - 

Corrected  Turbine 

13820 

Inlet 

RPM 

Temperature  *  2200 

•r 

TABLB  2j  RUN-TO-RON  RBPBATABILITY 

PARAMETER 

DEVIATION 

WITNIN  REBUILD 

(») 

BASELINE 

FIRST 

REBUILD 

SECOND 

REBUILD 

Compressor  efficiency 

±0.21 

±0.24 

±0.18 

Corrected  airflow 

±0.15 

±0.16 

±0.13 

Corrected  fuel  flow 

±0.28 

±0.16 

±0.41 

Corrected  output  power 

±0,39 

±0.39 

±0.39 

Specific  fuel  consumption 

±0.32 

±0.36 

±0.27 

Corrected  speed 

±0.10 

±C.18 

±0.02 

Compressor  pressure  ratio 

±0.06 

±0.07 

±0.05 

Compressor  temperature  ratio 

±0.07 

±0.07 

±0.07 

Turbine  efficiency 

±0.06 

±0.05 

±0.06 

Combustor  temperature  ratio 

±0.07 

±0.07 

±0.06 

Combustor  pressure  ratio 

±0.03 

±0.02 

±0.04 

Engine  temperature  ratio 

±0.08 

±0.07 

±0.08 

Engine  pressure  ratio 

±0.07 

±0.08 

±0.07 

Corrected  torque 

±0.46 

±0.52 

±0.41 

Reference:  Corrected  soeed  «  13820 

Corrected  Turbine  Inlet 

RPM 

Temperature  ■  2200 

•r 

TABLE  3t  RBBOILD  EFFECTS 


PARAMETER  OVERALL  DEVIATION 

REPEATABILITY  BETWEEN  REBUILD 

(«)  (%) 


FIRST 

SECOND 

FIRST 

SECOND 

Conpressor  efficiency 

*0.52 

±0.56 

+  1,16 

-0.84 

Corrected  airflow 

*0.43 

±0,46 

+0,77 

-0.23 

Corrected  fuel  flow 

*0.61 

±0.76 

+0,73 

-1.44 

Corrected  output  power 

*1.44 

±1.51 

+0,79 

-0.70 

Specific  fuel  consumption 

±1.25 

±1.41 

-0.07 

-0.80 

Corrected  speed 

±0.32 

±0.27 

-0.11 

-0.06 

Compressor  pressure  ratio 

±0.27 

±0,29 

+  1.26 

-1,31 

Compressor  temperature  ratio 

±0.19 

±0.23 

-0.20 

+0.02 

Turbine  efficiency 

*0.54 

±0.57 

+0.09 

+0.18 

Combustor  temperature  ratio 

±0.18 

*0.20 

+0.20 

-0,05 

Combustor  pressure  ratio 

±0.16 

±0.15 

-1.00 

+0,52 

Engine  temperature  ratio 

±0.28 

±0.30 

+0,01 

+0.01 

Engine  pressure  ratio 

±0.44 

±0.44 

-0.07 

+0.23 

Corrected  torque 

±1.67 

±1.67 

+  1.50 

-0.76 

Reference:  Corrected  speed  > 

Corrected  Turbine 

13820 

Inlet 

RPH 

Temperature  ® 

2200  'R 

FIGURE  |:  SCHEMATIC  OF  T56  TURBOPROP  ENGINE 
ON  TEST  STAND 


STATION 


DESCRIPTION 


1  ENGINE  INLET 

2  COMPRESSOR  INLET 

3  COMPRESSOR  DELIVERY 

4  TURBINE  INLET 

5  TURBINE  DELIVERY 

6  TAILPIPE  EXHAUST 


FIGURE  2:  T56  STATION  NUMBERING 


FIGURE  3:  DATA  QUALITY  -  COMPRESSOR  EFFICIENCY 


CORRECTED  FUEL  FLOW  (Ibm/hr) 
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CORRECTED  TURBINE  INLET  TEMPERATURE  (‘R) 


FIGURE  6:  ENGINE  PERFORMANCE  -  CORRECTED  AIRFLOW  VS 
CORRECTED  TURBINE  INLET  TEMPERATURE 


FIGURE  7:  ENGINE  PERFORMANCE  -  CORRECTED  FUEL  FLOW 
VS  CORRECTED  TURBINE  INLET  TEMPERATURE 
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DISCUSSION 


D.E.  GLENNY 

What  Is  the  acquisition  rate  for  steady  state  analysis  points  and 
what  average  is  taken  over  the  2^  oin  sample  period?  What  is  the  acqui¬ 
sition  rate  per  channeX/second?  What  are  rates  for  pressures, tempera¬ 
tures  and  speeds? 

Author's  Reply: 

The  NEFF  data  acquisition  system  used  for  this  test-program,  has  a 
variable  scanning  frequency.  The  scanning  rate  for  steady-state  testing 
was  100  Hz  for  all  channels.  This  includes  all  pressures,  temperatures 
frequencies  etc.  Unfortunately  we  don't  have  individual  pressure  trans¬ 
ducers  for  each  pressure  probe  on  the  engine,  thus  mechanical  multi¬ 
plexers  are  used.  The  scanning  time  for  each  port  on  these  multi¬ 
plexers  was  approximately  3  seconds. 
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SUMMARY 

Aircraft  engine  health  monitoring,  and  other  related  machinery  condition 
monitoring,  has  been  gaining  in  credibility  and  implementation  over  recent  years.  It  is 
destined  to  become  'standard  fit*  on  all  new  major  aircraft  programs  in  the  near  future. 
To  date  the  monitoring  systems  have  mainly  been  stand  alone  in  form,  and  have  been 
treated  as  separate  functions.  This  paper  discusses  the  considerations  for  integrating 
health  monitoring  into  other  aircraft  systems,  and  reviews  the  potential  benefits  to  be 
gained  by  such  integration,  in  conclusion  the  paper  will  present  two  products  from  both 
ends  of  the  spectrum,  which  represent  a  simple  single  unit  integration,  and  a  full 
aircraft  wide  implementation. 


INTRODUCTION 

Aircraft  health  monitoring,  linked  with  on-condition  maintenance  philosophies,  has 
been  the  topic  of  much  increased  interest  in  recent  years.  A  considerable  number  of 
development  programs  have  been  undertaken  across  the  industry,  and  these  have  sometimes 
been  extended  to  evaluate  their  benefits  in  limited  operational  trials.  The  results  of 
these  programs  have  led  to  establishing  the  credibility  of  condition  monitoring,  to  the 
extent  that  the  concept  of  condition  monitoring  systems  is  being  designed  in  from  the 
start  on  major  new  aircraft  programs  and  also  some  major  retrofit  programs. 

Central  to  the  debate  on  the  implementation  of  any  condition  monitoring  system  is 
ensuring  that  the  user  gains  a  benefit  from  the  investment  that  he  has  made.  The 
benefits  are  gained  by  reduced  operating  costs  from  on-condition  maintenance,  together 
with  added  safety  margins  that  can  be  obtained  by  more  absolute  knowledge  of  component 
condition.  Traded  against  them  are  the  recurring  and  non-recurring  costs  of 
incorporating  sensors,  acquisition  and  processing  to  the  aircraft.  The  additional 
ground  support  facilities  and  overall  information  infra-structure  add  to  this 
investment,  but  are  needed  to  efficiently  realize  the  benefits. 

Balancing  these  two  sides  of  the  equation,  in  what  is  essentially  a  Cost  Benefit 
Analysis,  will  demonstrate  i^ether  any  particular  system  (configuration)  is  worth 
Implementing  or  not.  Where  there  is  scope  to  reduce  the  investment  side  of  the 
equation,  then  either  more  cost  benefit  can  be  realized  for  a  particular  implementation, 
or  other  configurations  that  were  previously  uneconomical  can  become  attractive 
propositions.  It  is  this  scope  for  reduction  in  investment  that  is  explored  in  this 
paper.  This  is  accomplished  by  considering  the  the  integration  of  health  monitoring 
into  other  aircraft  systems,  rather  than  treating  it  as  a  separate,  stand-alone  entity. 


HEALTH  MONITORING  FUNCTIONS 

It  is  worth  very  briefly  reviewing  the  general  types  of  health  monitoring.  This 
will  ensure  a  common  information  baseline  from  which  the  rest  of  the  paper  can  be 
considered. 

*  Life  usage  Monitoring  -  this  is  a  means  of  better  estimating  a  component's  life  by 
considering  how  much  work  it  has  actually  done,  rather  than  by  defining  a 
maintenance  action  after  a  safe,  predefined  number  of  hours,  usage  algorithms  can 
be  as  complex  as  required  -  basically  a  balance  is  struck  between  simplicity  and 
accuracy. 

*  Direct  Analysis  -  this  Is  «diere  component  health  is  directly  measured,  normally 
based  on  actuals  above  or  below  defined  boundaries.  For  example  vibration 
monitoring  and  quantitive  debris  monitoring  (QDM)  immediately  relate  actual  data 
to  transmission  components. 

*  Trend  Monitoring  -  this  is  a  method  for  evaluating  deterioration  of  a  component<s) 
condition,  by  analysing  changes  over  a  period  of  time  of  directly  measureable 
parameters.  Features  of  this  type  of  monitoring  are  repeatable,  accurate 
measurements  and  historical  datSf  coupled  with  statistical  computation  to  remove 
erroneous  data  trends.  Data  from  long  term/fleet  wide  trend  monitoring  is  used  to 
update  on-board  direct  analysis  boundaries  and  algorithms,  in  support  of 
continually  improving  the  effectiveness  of  the  health  monitoring  system. 
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Ideally,  all  of  the  above  techniques  could  be  variously  applied  to  the  different 
components  of  an  aircraft,  in  order  to  provide  comprehensive  health  status  reporting  of 
any  particular  system.  Whilst  effective  this  would  represent  a  very  costly  investment, 
in  financial,  operational  and  organisational  terms. 

It  is  essential,  therefore,  that  a  strategic  approach  to  health  monitoring  be 
taken.  Figure  1  shows  a  typical  plot  of  benefit  vs  investment  for  a  health  monitoring 
system.  Whilst  the  plot  has  no  scales,  it  is  the  shape  that  is  relevant,  and 
illustrates  that  whilst  zero  investment  obviously  produces  zero  benefit,  relatively 
small  investments  can  produce  significant  benefits.  After  this  the  Law  of  Diminishing 
Returns  applies  as  Increasing  investment  produces  progressively  less  increase  in 
benefit . 


Figure  1  Health  Monitoring,  Benefit  vs  investment 


The  type  and  mix  of  health  monitoring  techniques  applied  to  a  given  situation 
relates  totally  to  the  aircraft  and  its  operation.  Different  techniques  may  be 
applicable  to  the  same  aircraft  type  used  in  different  roles;  for  instance,  training, 
ground  attack  and  interception.  When  trying  to  balance  the  Cost  Benefit  Equation,  all 
these  points  on  type,  mix  and  level  of  health  monitoring  have  to  be  taken  into  account. 


INFORMATION  FLOWS 

In  order  to  determine  the  level  of  integration  that  can  be  economically  obtained 
in  a  health  monitoring  system,  it  is  vital  to  first  analyse  the  flow  of  information  and 
the  data  distribution  in  the  operating  environment  of  the  system.  This  is  best 
considered  in  a  diagramatic  form.  Figure  2  shows  the  information  flows  i^en  the 
aircraft  Is  in  flight  and  the  monitored  components  are  'accruing  life',  and  figure  3 
shows  the  information  flows  when  the  aircraft  is  in  'post  operational'  mode  on  the 
ground . 
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Considering  first  the  in  flight  case/  the  aircraft/engine  monitored  components 
must  have  some  indication  of  their  current  state,  normally  via  a  direct  transducer  on 
that  component  or  indirectly  via  another  component (s) .  The  transducer  signal  then  has 
to  be  acguired  (or  conditioned)  to  get  it  into  a  useable  form  normally  digital*  The 
acquisition  process  may  involve  noise  filtering,  bandwidth  reduction,  vibration  tracking 
filters  etc.  The  conditioned  signal  then  requires  on-board  data  processing  and 
analysis,  the  extent  of  which  is  determined  by  the  health  monitoring  strategy  that  is 
adopted.  Finally,  the  processed  data  is  then  handled  in  one  or  more  of  the  following 
1  ways : 

*  It  is  recorded  on  non-volatile  storage  media,  for  subsequent  retrieval.  This 
applies  to  non-flight  critical  data,  that  is  relevant  to  post  sortie  maintenance 
functions. 

)  *  It  is  displayed  to  the  pilot.  This  only  applies  when  either  the  safety  of  the 

aircraft,  or  the  ability  to  complete  the  mission,  is  compromised. 

*  It  is  distributed  to  other  aircraft  systems.  This  applies  to  maintenance 

;  management  systems,  JTIOS/ACARS  downlinks  etc. 

Therefore  in  flight  a  data  acquisition  and  processing  function  is  implemented, 
very  similar  in  many  ways  to  other  aircraft  system  functions. 

Mow  consider  the  second  case,  the  information  flows  for  ground  recovery  and  action 
upon  the  data.  This  can  be  split  into  two  areas;  actions  associated  with  operational 
^  level  (1st  line)  maintenance,  and  actions  associated  with  intermediate  and  depot  level 

*  (2nd  and  3rd  line)  maintenance: 

*  Operational  level:  Access  to  the  information  is  via  a  cockpit  display  device, 
and/or  a  maintenance  data  display  panel.  For  the  ground  crew  this  gives  the 
facility  for  failure  indication  and  immediate  actions  required  for  any  operational 
level  fault  rectification,  it  also  gives  them  the  opportunity  for  interactive 
diagnostics  by  using  the  on-board  processing  power.  Effectively  utilizing  on¬ 
board  processing  reduces  the  required  ground  processing,  logistics  support,  and 
their  corresponding  costa. 

*  Intermediate  and  Depot  Level:  Information  is  transfered  to  the  ground  stations 
via  data  transfer  devices,  or  direct  serial  data  downlink  line.  ACARS  and  JTIDS 
links  could  also  accomplish  this  function.  Ground  analysis  then  initiates 
intermediate  and  long  term  maintenance  actions,  both  in  terms  of  that  individual 
aircrafts*  service  future,  and  In  terms  of  fleet  wide  maintenance  policies. 

The  ground  recovery  functions  for  the  turnaround  of  the  health  monitoring 
information  can  be  sumnarized  as: 

*  Interrogate 

^  *  Diagnose 

*  Action 

*  Update 

Note  that  updates  to  the  health  monitoring  system  are  equally  as  important  as 
extraction  of  data.  Effective  health  monitoring  is  only  maintained  by  continual 
refinement  of  the  processes,  algorithms  and  procedures,  and  in  turn  this  can  only  be 
accomplished  by  continual  acquisition  and  analysis  of  data  from  the  field.  Thus  the 
aircraft  to  ground  station  interface  is  definately  a  two-way  communication  link. 


AIRCRAFT  SYSTEMS 

It  is  worth  briefly  considering  a  generalized  case  of  a  typical  modern  aircraft  system 
(see  Figure  4),  to  enable  integration  to  be  considered  from  a  common  viewpoint.  Whilst 
oversimplified  in  some  respects,  it  shows  how  modern  avionic  structures  ensure  the  wide 
availability  and  distribution  of  data  via  data  buses.  The  figure  shows  a  few  systems 
pertinent  to  maintenance  of  lifed  items  on  the  aircraft.  Considering  the  functions  of 
these  illustrated  equipments: 

*  The  engine  and  its  controller.  There  are  a  number  of  sensors/transducers  on  the 
engine,  which  ace  used  for  the  control  function.  The  controller  contains  all 
necessary  circuitry  to  acquire  and  signal  process  the  incoming  signals,  and 
possesses  processing  power  to  perform  the  control  function. 

*  The  maintenance  management  system.  This  is  responsible  for  monitoring  all 
aircraft  systems  during  flight,  reporting  history  and  current  status  on  the 
ground,  and  to  aid  ground  diagnostics  and  other  maintenance  functions.  In  these 
systems  exists  the  ability  to  acquire  data  from  any  other  system,  reduce  it, 
analyse  it,  and  store  it.  There  is  the  ability  to  load  a  data  transfer  device,  to 
link  the  aircraft  systems  to  AGE,  and  to  link  to  a  man/machine  interface  for 
organisational  level  maintenance. 
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Figure  4  *  'Typical'  Aircraft  System 


*  Cockpit  Displays.  Used  to  provide  information  to  the  pilot  in  flight,  and  for 
maintenance  work  from  the  cockpit  on  the  ground. 

*  Other  systems,  data  buses,  ACARS/JTIDS.  Using  the  data  buses,  information  flows 
are  possible  between  virtually  any  aircraft  systems.  Thus  a  very  flexible  and 
powerful  facility  is  available  to  the  system  designer.  However,  care  should  be 
taken  over  where  the  large  amounts  of  data  are  processed  or  reduced,  to  avoid 
overloading  the  bus  system. 

*  Ground  Maintenance  Systems.  Operators  normally  have  large  integrated  computer 
networks  to  support  maintenance  activities  -  these  also  support  automated,  fast 
data  transfers  between  facilites.  Automated  transfers  from  the  aircraft  are 
desirable  to  eluminate  human  errors  and  reduce  workloads.  Linking  into  these 
systems,  for  ground  analysis  of  health  monitoring  data,  would  reduce  overall 
maintenance  costs. 

Referring  back  to  figures  2  and  3,  the  above  functioni.  are  analogous  to  those 
required  for  health  monitoring.  The  aircraft  systems  also  have  the  necessary  data 
distribution  inf ra^structure.  Extensions  of,  or  additions  to,  the  data  collection, 
signal  conditioning  and  data  reduction  functions  on  the  aircraft  are  what  is  needed  to 
implement  a  fully  integrated  health  monitoring  regime. 
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INTEGRATION,  STEP-BY-STEP 

Pro»  the  diacuaaiona  on  infotAation  flowa  and  current  aircraft  ayatea 
conflgurationa,  there  la  obvloualy  a  caae  for  integration,  but  to  what  level?  There  is 
no  clear  cut  anawer,  aa  each  caae  auat  be  eaaained  on  ita  own  merita.  Consideration 
Aust  start  at  the  beginning  of  any  project/prograA  to  gain  assIaua  benefit/integration, 
and  Aust  begin  with  overall  aiAS  and  glides.  This  section  of  the  paper  will  consider 
each  of  the  functions  of  a  health  Aonitoring  systeA,  and  in  line  with  the  title  of  the 
paper,  present  considerations  for  integration. 

(i)  Sensors.  Bach  of  the  llfed  coAponenta  requires  either  direct  or  indirect 
AeasureAent  of  ita  current  condition.  If  the  coAponent  has  any  other  kind  of 
electronics  associated  with  it,  these  will  also  require  sensors  or  transducers. 

Noraally  for  health  Aonitoring  the  required  accuracies  and  repeatabilities  of  the 
sensors  has  to  be  better  than  for  other  purposes.  Considerations  are  therefore: 

*  If  the  sane  AeasureAent  is  required  for  health  Aonitoring  and  other  functions,  by 
fitting  the  better  transducer  could  not  both  functions  be  achieved  by  one 
transducer? 

*  If  no  sensor  currently  exists  for  the  health  aonitoring  function,  could  that 
function  be  determined  in  a  different  manner  using  existing  sensors? 

*  Could  addition  of  a  health  aonitoring  sensor  in  one  position  on  the 
coAponent/itea,  eliminate  the  need  for  another  functions'  sensor  in  another 
location? 

*  Does  any  control  systeA  require  separate  monitoring,  and  independant/redundant 
data  for  health  monitoring  (separate  sensors?)? 

As  sensors  and  transducers  are  relatively  expensive  to  purchase  and  locate,  there 
Aust  be  an  obvious  drive  to  minimize  the  net  increase  in  their  quantity  for  the 
incorporation  of  health  monitoring. 

(ii)  Acquisition.  Acquisition  and  signal  processing  of  the  sensors  output  to  a  digital 
form  is  a  fairly  routine  task.  Noraally  the  closer  to  the  sensor  the  better,  for 
reduced  wiring  runs  in  terms  of  weight/cost,  and  better  signal  treatment.  The  first 
place  to  look  for  integration  is  any  existing  unit  that  is  already  connected  in  that 
area  -  for  instance  on  our  previous  example  the  engine  controller  on  the  engine.  This 
is  further  enhanced  if  the  sensors  have  been  integrated  in  soae  manner.  Thus  a  totally 
integrated  sensing  and  acquisition  package  looks  very  attractive,  and  readily 
impleaentable  in  new  systeas.  However  EHM  data  sampling  rates,  and  their  coapatibility 
with  the  other  systems'  units*  iteration  rates,  must  be  ensured  to  be  compatable  with 
both  functional  both  the  required  accuracy  and  the  required  resolution  are  significant 
in  this  respect. 

Another  configuration  would  be  to  have  one  (or  several)  aircraft  data  acquisition 
units,  to  acquire  health  aonitoring  signals  from  all  lifed  coaponents  in  one 
geographical  area  or  from  one  aircraft  system.  This  means  the  addition  of  specific 
health  aonitoring  unit(s),  with  all  their  associated  operational  and  logistic  additional 
costs.  This  option  is  most  useful  in  developaent  type  projects,  or  in  retrofit 
applications. 

(lil)  Data  Processing  and  Analysis.  For  data  processing  and  analysis  there  is  another 
dimension  to  the  considerations.  There  is  a  balance  to  be  obtained  between  how  much 
processing  is  carried  out  on-board,  and  how  much  is  carried  out  on  the  ground.  For  the 
purposes  of  the  integration  arguments,  1  have  merely  assumed  that  some  processing  and 
analysis  will  be  required  on-board  and  some  off-board. 

This  task  could  theoretically  be  carried  out  anywhere  that  has  the  requisite 
processing  capability,  and  assuming  a  multiplexed  data  bus  structure,  could  actually  be 
split  up  if  necessary.  Referring  back  to  the  figure  4  example,  there  are  two  obvious 
places  that  could  handle  the  task  -  the  engine  controller  and  the  maintenance  management 
system.  The  more  logical  choice  is  the  maintenance  management  system  -  health 
Aonitoring  is  a  part  of  maintenance  management,  and  the  MHS  is  already  set  up  to  acquire 
data  from  all  aircraft  systems,  locating  here  will  also  have  advantages  in  other  areas 
(see  storage  and  ground  link  discussions) .  It  could  be  located  in  the  engine 
controller,  but  this  poses  potential  Integrity  problems  as  the  controller  is  a  flight 
critical  system.  Health  aonitoring  software  is  continually  changing  by  its  nature,  in 
the  light  of  acquired  field  experience,  and  so  continual  updates  to  critical  certified 
software  would  be  expensive  in  revalidation.  Another  possibility  is  carrying  out  data 
processing  in  any  specific  health  monitoring  unit. 

(iv)  Data  Storage/Transfer  Media.  Data  can  be  stored  on-board  in  the  local  media  to 
the  analysis  function,  but  there  is  an  explicit  requirement  to  retrieve  data  post¬ 
flight.  It  is  considered  impractical  to  bring  any  oajor  ground  station  to  the  aircraft, 
and  so  three  candidate  solutions  exist: 

*  Download  via  an  ACARS/JTIDS  type  link  during  flight. 


Connection  ot  some  portable  interaediary  device  to  an  AGE  serial  port  on  the 
aircraft. 


*  Use  of  a  reaovable  data  transfer  device  containing  non-volatile  neaory  devices. 

Considering  the  operating  scenario  or  maintenance  information  flows,  any  one  or 
all  of  the  above  three  data  transfer  media  are  currently  employed.  Organisational  and 
operational  environments  support  the  establishment  of  maintenance  activities  as  separate 
from  mission  activities,  in  terms  of  upload/download  of  information  to  the  operational 
aircraft.  The  addition  of  health  monitoring  to  the  maintenance  information  flow  can 
only  enhance  its  effectiveness,  and  strengthen  the  argument  for  maintenance  activities 
standing  in  their  own  right.  The  alternative  is  to  have  separate  health  data  transfer 
media,  which  implies  additional  I/O  devices,  logistics  and  information  management 
systems  -  in  an  operational  environment  this  can  be  costly. 

(v)  Display  Systems  -  Pllot/Cockpit.  The  scope  for  integration  here  is  large,  as 
there  is  always  a  premium  on  cockpit  space.  Current  MPD's  are  connected  to  the 
aircraft's  data  buses,  and  so  are  readily  able  to  gather  data  if  so  scheduled.  With  the 
multifunction  nature  of  their  operation,  they  can  be  effectively  used  to  highlight 

saf ety/mission  critical  situations  as  they  occur  during  flight.  In  ground  maintenance 
mode  the  cockpit  displays  can  also  be  used  in  an  essentially  interrogative  mode  to 
extract  data  from  the  system  (via  the  data  bus  from  any  unit),  and  to  initiate  further 
interactive  analysis  if  desired.  Separate  cockpit  displays  for  health  monitoring  use 
can  be  employed,  if  cost-effective. 

(vi)  Display  Systems  -  Maintenance  Crew.  Integration  with  any  maintenace  display  is  an 
obvious  step,  especially  if  other  functions  ate  integrated  into  the  maintenance 
management  system.  For  use  at  operational  support  level,  these  displays  are  preferable 
to  cockpit  displays,  as  cockpit  access  may  be  restricted.  Limited  use  is  made  of  on¬ 
board  displays  for  health  monitoring  on  the  ground  -  only  data  associated  with  immediate 
maintenance  actions  is  required  to  be  displayed.  Therefore  with  all  health  monitoring 
displays  critical  evaluation  of  their  actual  operational  use  is  required. 

(vii)  Ground  Stations.  Currently  systems  exist  on  the  ground  to  manage  and  analyse 
maintenance  information,  and  also  to  analyse  health  monitoring  information.  These  are 
tending  to  become  more  generic  in  nature  to  aid  their  transportability  onto  numerous 
machine  types,  to  suit  most  operator's  existing  working  environments.  Procurement  of 
health  monitoring  generic  software  and  integration  of  specific  component  algorithms  is 
an  Increasing  possibility.  Further  integration  into  a  total  maintenance  information  and 
management  package  is  also  desirable.  Referring  back  to  (iv),  overall  major  support 
cost  savings  can  be  achieved  by  integrating  all  of: 

*  Aircraft  Data  Transfer  Interface. 

*  Data  Transfer  Media. 

*  Ground  Based  Data  Transfer  Interface. 


Prom  the  discussion  presented  in  these  sections,  given  a  clean  sheet  of  paper  for 
an  aircraft  system  design,  then  significant  advantages  can  be  obtained  by  integrating 
health  monitoring  into  other  aircraft/ground  maintenance  functions.  It  is  also 
recognised  that  such  a  clean  sheet  is  not  always  possible  and  so  compromises  may  be 
necessary;  however  in  the  these  cases  partial  levels  of  integration  may  still  reap 
benefits,  provided  they  are  assessed  in  the  context  in  which  they  are  to  be  implemented. 

The  problems  of  integration  of  health  monitoring  into  other  aircraft  systems  have 
been  discussed.  The  remainder  of  this  paper  will  be  devoted  to  two  examples  currently 
being  manufactured  by  GBC  Avionics,  that  represent  opposite  ends  of  the  spectrum.  A 
totally  integrated  maintenance  system,  and  an  application  where  one  specific  unit  has 
been  modified  to  integrate  health  monitoring  into  it. 


HEALTH  MONITORING  IN  INTEGRATED  AIRCRAFT  MAINTENANCE  SYSTEMS 

Integrated  maintenance  systems,  in  their  overall  context  of  operating  in  the 
aircraft,  require  significantly  more  consideration  at  aircraft  system  level  in  order  to 
produce  effective  results.  This  tends  to  make  them  more  relevant  to  new  aircraft 
designs  or  major  refit/update  exercises,  in  their  favour  there  is  greater  time 
available  to  profit  from  the  investment.  Health  monitoring  can  be  incorporated  into 
such  systems  for  relatively  little  extra  cost,  but  can  yield  significant  benefits. 

Figure  5  shows  the  conceptual  functions  of  an  integrated  system.  Sub-systems 
within  the  aircraft  will  have  self  test  capability  and  will  be  able  to  transfer 
maintenance  data  to  the  maintenance  system  via  digital  highways.  This  data  will  be 
analysed  by  the  system  in  order  to  present  any  flight  critical  information  to  the  pilot, 
and  to  reduce  the  data  storage  requirements.  Basic  flight  history,  events,  trend  data 
and  incipient  failures  are  recorded  so  that  the  aircraft  permanentely  maintains  its 
current  health  status.  This  information  is  transmitted  to  maintenance  management. 


either  in-flight  or  via  ground  data  transfer/  in  order  to  facilitate  naintenance  action 
planning.  Information  display  is  the  key  to  effective  integrated  system  design;  only 
relevant  and  appropriate  data  should  be  presented  to  the  right  person/  in  the  right 
place  at  the  right  time.  Single  point  access  to  the  maintenance  system  should  be 
provided  such  that  all  information  required  to  turn-round  an  aircraft  can  be  quickly  and 
effectively  accessed. 


MAINTENANCE  MANAGEMENT 


Figure  S  -  A  Basic  Integrated  Maintenance  System 

Whilst  the  inherent  technologies  used  in  aircraft  design  today  imply  a  need  for 
integrated  maintenance  systems/  it  can  also  be  seen  that  substantial  cost  savings  will 
be  achieved  over  the  life  of  the  airframe.  These  savings  will  basically  arise  from 
reduced  maintenance  costs,  less  support  equipment,  faster  aircraft  turn-round,  lower 
spares  holdings  and  higher  aircraft  availability. 

This  philosophy  was  employed  in  the  design  of  GEC  Avionics  Maintenance  Data  Panel, 
which  was  manufactured  in  support  of  the  British  Aerospace  Experimental  Aircraft  Program 
(BAP).  It  has  proved  itself  an  extremely  useful  tool  in  both  ground  checks  and 
recording  in-flight  maintenance  occurances.  This  unit  featured  a  single  point  access  to 
all  aircraft  turn-round  information.  Information  is  ergonomically  displayed  using  low 
power  LCD's,  and  a  touch  keyboard  designed  for  gloved  operation  is  provided  for  ground 
crew  interface.  It  interfaces  with  other  systems  via  a  1553  data  bus,  and  provides  the 
following  functions: 

*  Peal  time  recording  of  aircraft  faults  to  below  LRU  level  in  solid  state  store. 

*  Display  of  aircraft  consumable  quantities  with  fill  requests  and  target  levels. 

*  Control  of  aircraft  refuelling  and  defuelling  to  tank  level. 

*  Initiation  of  BIT  in  other  aircraft  systems  with  monitoring  of  results  and 

recording  of  faults. 

*  Recording  of  expired  life  of  aircraft  lifed  items,  and  display  of  expired  and 
total  life  in  hours. 


Serial  download  data  link  for  direct  connection  to  AGE 


Subsequent  development  of  the  NOP  hes  led  to  a  such  more  integrated  maintenance 
tool.  Technological  advancements  and  the  operational  experience  on  the  BhP  has  led  to  a 
second  generation  Maintenance  Management  Unit,  which  particularly  encompasses  health 
monitoring.  Figure  6  shows  the  block  diagram  for  the  NHU.  It  is  a  generic  design,  in 
that  flexibility  for  adaption  to  various  applications  is  a  key  feature.  From  the 
original  MOP  functions  list,  a  number  of  additional  functions  are  now  considered  as 
standard  fit.  These  include  maintenance  data  transfer  to  the  ground  via  removeable  data 
transfer  unit,  additional  dedicated  sensoc/data  acquisition  capability,  and  additional 
processing  and  internal  storage. 


Figure  6  •  Maintenance  Management  unit 
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The  unit  offers  all  the  functions  required  to  iaplejoent  health  aonitorinq,  in 
teres  of  integrating  it  into  maintenance  manageeent*  Going  back  to  the  list  of  required 
functions: 

*  Acquisition  -  Data  is  acquired  via  dedicated  circuits  or  from  other  aircraft 
systems  via  the  data  bus. 

*  Processing  •  Some  data  will  arrive  pre-processed  -  for  instance  data  reduction 
will  have  been  applied  to  avoid  bus  overload.  The  MHU  can  perform  all  further  on¬ 
board  calculations*  and  has  an  optional  co-processor  to  carry  out  complex 
calculations.  However  it  is  important  to  remember  that  certain  processing 
functions  require  raw  data*  possibly  in  real  time  (eg  vibration  analysis). 

*  Storage  -  Both  on-board  and  removable  cartridge  methods  of  storage  are  available. 

*  Display  -  In  flight  the  KHU  can  transfer  safety  and  mission  critical  health 
monitoring  data  to  the  pilots  displays  via  the  data  bus.  On  the  ground  it  has 
integral  LCD  displays*  and  keypad  for  interrogation. 

*  Data  Transfer  -  The  MMU  can  send  processed  data  to  the  ground  stations  using  the 
cartridge*  using  the  AGE  link*  or  using  ACARS/JTIDS  via  the  data  bus  and  the 
ACARS/JTIDS  interface  units.  The  latter  method  has  obvious  advantages  in 
improving  turn-around  times*  by  delivery  of  data  ahead  of  the  actual  turn-around 
itself. 

The  MMU  represents  the  realization  of  a  complete  health  monitoring  system*  in  an 
integrated  fashion.  However  the  true  cost  benefits  are  only  realized  on  new  or  major 
retrofit  aircraft  programs. 


HEALTH  MOHlTOftlHG  IN  AH  "INTELLIGENT  INSTRUMENT* 

Work  in  the  coat  benefit  analysis  area  identified  a  need  for  a  low  cost*  low 
initial  investment  level  of  health  monitoring.  Considering  the  graph  of  Figure  1*  then 
significant  benefit  can  be  realized.  The  retrofit  market*  and  also  the  smaller 
aircraft/operator  market*  are  particularly  suited  to  gain  maximum  advantage  from  such  an 
implementation. 

The  retrofit  application  is  characterized  by  consideration  of  the  costs  and  the 
difficulty  of  adding  a  new  system  both  to  the  airframe  and  to  the  support  organization. 
Against  an  already  known  support  cost  structure*  cost  benefits  can  be  objectively 
calculated;  against  already  known  machinery  weak  points*  health  monitoring  can  be 
applied  in  a  specific  direction  to  have  maximum  effect.  Thus  an  easily  fitted*  directed 
retrofit  health  monitoring  system  looks  very  attractive*  and  GEC  has  adopted  the  concept 
of  intelligent  instruments  to  fulfil  this  need. 

GEC  Avionics  has  a  background  in  powerplant  LCD  displays,  and  it  was  recognised 
that  such  instruments  have  both  available  processing  power*  and  the  necessary 
parameters*  to  perform  basic  engine  health  monitoring.  Therefore  the  concept  of  an 
integrated  display  and  BUM  unit  was  realized*  which  as  a  retrofit  item  offered  the 
following  advantages: 

*  Low  retrofit  costs.  The  unit  simply  replaces  existing  instruments;  no  aircraft 
wiring  modifications  are  required. 

*  No  separate  BHN  unit.  Again  no  aircraft  modifications  are  required  and  there  is 
no  addition  to  the  spares  holding. 

*  Weight,  power  and  reliability.  LCD  displays  are  generally  low  weight*  lower  power 
and  more  reliable  than  their  mechanical  equivalents.  This  is  shown  by  Table  1. 

*  Integrity.  In  this  implementation  the  BHN  function  does  not  compromise  the 
Integrity  of  the  existing  display.  Furthermore*  since  the  display  is  flight 
critical,  the  EHM  function  is  effectively  promoted  to  this  status. 

*  Display  capability.  If  desired*  direct  post-flight  readout  of  information  can  be 
provided  on  the  display  itself. 

The  first  development  of  such  a  system  is  COSBIHON,  Combined  Speed  indicator  and 
Health  usage  Monitor.  It  is  designed  to  replace  two  standard  2  ATI  engine  speed 
instruments  with  comparable  displays*  «d:ile  carrying  out  usage  montoring  in  the 
background.  Usage  data  such  as  starts*  hours*  maxima*  minima  and  exceedances,  is 
recorded  together  with  real-time  calculations  of  fatigue  cycles  accured.  low  Cycle 
Fatigue  is  calculated  using  a  unique  algorithm  patented  by  GEC  Avioncs  in  1979. 
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Table  1  Coapaciaon  between  LCD  and  Standard  Inatcuaenta 


Parameter 

conventional 

Instrument 

LCD 

Instrument 

Weight 

1300  g 

750  9 

Power 

20  W 

3  W 

Reliability 

(MTBP) 

7200  hours 

>10000  hours 

Accuracy 

2.5% 

0.5% 

Flexibility 

None 

Multiple  symbols/ 
characters 

Figure  7  ahowa  a  block  diagraa  of  the  COSIHUM.  Data  ia  acquired  through  isolated 
signal  conditioning  and  then  formated  for  the  display  by  the  microprocessor.  A  non¬ 
volatile  atore  ia  used  to  retain  life  usage  data  during  and  between  flights. 
Comprehensive  self  calibration  and  self  test  features  combine  with  a  reliable, 
maintainable  design  to  provide  a  high  operational  availability.  Where  "firewall” 
independence  of  display  channels  is  required,  a  second  electronic  channel  is  added.  The 
serial  interface  is  provided  for  production  test  but  may  also  be  used  for  transfer  of 
engine  health  monitoring  data  when  operational. 
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An  iaportant  feature  of  the  unit  is  that  it  is  able  to  acquire  other  data  which  is 
available  in  the  cockpit  with  only  siaple  wiring  aodif ications.  This  is  achieved  by  *T- 
ing*  into  connections  to  other  instruaents*  Access  to  other  engine  speeds,  teaperatures 
and  air-data  considerably  enhances  the  health  aonitoring  capability  that  is  available. 
However  the  integrity  of  these  other  display  systeas  aust  not  be  coapromised.  With 
these  intelligent,  integrated  instruaents,  the  following  health  aonitoring  functions  can 
be  perforaed. 

*  Basic  Usage  Data.  The  systea  can  aonitor  engine  operating  hours,  nuaber  of 
starts,  aaxiaa,  ainiaa,  exceedances  and  tiae  at  certain  power  levels. 

*  Calculations  of  fatigue  cycles.  Major  and  ainor  cycle  usage  can  be  calculated 
directly  froa  speed.  However,  given  teaperature  and  air  data  inforaation,  actual 
stress  within  blades  may  be  estiaated  to  give  a  aore  accurate  datum  for  cyclic 
life  calculation. 

*  Trend  Monitoring.  The  unit  has  continuous  access  to  engine  and  air  data 
paraaeters.  Trend  aonitoring  aay  be  iapleaented  as  snapshots  of  data  at  pre¬ 
defined  conditions  -  eg  placard  checks  for  ground  trending  analysis. 

*  Direct  Analysis.  If  an  intelligent  display  is  used  to  show  the  output  of  a 
vibration  transducer  then  other  BUN  functions,  including  exceedance  aonitoring  and 
data  storage,  becoae  available.  Similar  techniques  aay  be  applied  to  other  engine 
and  airframe  transducers.  However  an  important  criteria  is  that  the  instrument 
receives  prime  sensor  data  and  not  pre-processed  signals  -  the  latter  restricts 
the  "directness"  of  analysis  than  can  be  achieved. 

Efficient  post  flight  retrieval  of  the  data  is  essential,  and  here  the  flexibility 
of  the  LCD  instruments  can  be  exploited.  Currently  two  methods  are  available  for  data 
extraction,  but  more  are  being  investigated  where  other  on-board  equipment  can  be  linked 
in.  The  two  methods  are: 

*  Direct  Display.  The  prograaaable  liquid  crystal  display  provides  a  readily 
available  media  for  post-flight  readout  of  HUM  data.  This  can  be  either 
automatically  or  manually  stimulated  and  would  step  through  annotated  HUM 
parameters.  Such  a  system,  whilst  cost  effective,  is  generally  applicable  to 
basic  usage  monitors  where  only  a  few  paraaeters  are  being  transferred.  Transfer 
of  large  amounts  of  data  would  involve  considerable  maintenance  crew  tiae,  and 
potential  injection  of  human  error. 

*  Serial  Output.  The  intelligent  instrument  has  an  E1A-RS422  standard  serial 
highway.  Data  is  formatted  by  the  unit  in  ASCII  style,  facilitating  file  transfer 
and  handling.  A  commercially  available  "data  bucket*  is  then  used  to  extract  and 
display  data  and  to  provide  transfer  storage  to  any  further  ground  processing 
stations.  The  unit  aay  also  be  used  to  reset  counters  after  maintenance  actions, 
providing  that  the  appropriate  security  code  is  used.  This  highway  could  also 
link  to  other  on-board  data  collection  systeas. 

The  intelligent  instrument/COSlHUM  approach  facilitates  a  progressive  EHN 
strategy,  where  functions  can  be  siaply  modified  and  added  as  operator  experience  grows. 
Generally  this  is  accomplished  through  board  replacement  or  additional  software 
packages. 


CONCLUSION 

In  conclusion,  the  requireaents  and  aethodologies  for  health  monitoring  in 
aircraft  machinery  have  been  reviewed,  and  their  integration  into  other  aircraft  systems 
has  been  discussed.  It  is  acknowledged  that  there  is  no  single  answer  to  the  question 
of  integration.  However  various  levels  of  integration,  to  suit  various  configurations 
and  operational  environaents,  are  undoubtedly  going  to  show  significant  benefits  if 
iapleaented  correctly.  Two  examples  of  GBC  Avionics  products  have  illustrated  what  can 
be  achieved  by  strategic  thinking  on  integration  to  provide  maximum  benefit  for  a 
ainifflua  investment.  As  new  aircraft  systeas  are  developed  in  the  future,  it  is 
anticipated  that  health  aonitoring  concepts  will  becoae  an  integral  part  of  the  design 
process,  and  will  be  a  natural  part  of  any  consolidated  aaintenance  system  -  both  on¬ 
board  and  on  the  ground. 
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DISCUSSION 

G.TANNEK 

1.  Is  the  unit  fitted  on  EAP  carrying  out  any  engine  health  nonitoring 
of  the  RB  199? 

2,  Is  there  spare  capacity  if  so  required? 

Author's  Reply: 

1.  For  the  British  Aerospace  EAP  standard  engines  RB  199  engines  were 
fitted,  cooplete  with  standard  control  systems,  i'he  engine  data  was 
available  via  the  1553  bus,  so  no  RB  199  health  monitoring  was  possible. 
To  demonstrate  the  maintenance  data  panel's  capacity  in  this  area, 

life  used  on  the  APU's  was  tracked  and  highlighted  when  near  its  limit. 

2.  Yes,  there  is  spare  capacity  to  do  health  ntonitoring  of  varying 
types  as  described  in  the  paper.  It  was  an  area  identified  as  having 
a  lot  of  potential  in  the  future  for  this  type  of  unit. 

I.C.  CHEESEKAN 

You  described  your  latest  instruments  as  intelligent.  These  instruments 
appeared  to  me  have  a  versatility  in  their  display  forms  in  terms  of 
the  variables  indicated.  To  me  "intelligent"  implies  that  the  display 
is  automatically  changed  to  provide  the  most  relevant  aid  to  the  enqui- 
rerwithout  external  intervention.  Have  I  missed  something? 

Author's  Reply: 

The  concept  is  some  what  simpler  titan  the  question  infers.  The  term 
"intelligent"  as  applied  in  this  context  means  that  the  instrument 
is  capable  of  carrying  out  a  function  that  is  in  addition  to  its  main 
job  of  displaying  raw  information.  The  intelligent  instrument  in  the 
presentation  is  capable  of  calculating  basic  useage  cycles,  at  the 
same  time  as  displaying  engine  speed  (real-time)  in  the  cockpit.  On 
the  ground  the  display  can  be  used  to  directly  extract  the  useage  in¬ 
formation. 

W.  BEAURECARD 

How  is  data  acquired  by  the  generic  Basic  Integrated  Maintenance  System? 
Is  the  data  multiplexed  in  some  way? 

Author's  Reply: 

Sensor  data  is  primarily  acquired  via  the  data  bus,  relying  on  other 
units  where  possible  to  condition  the  sensor  signals.  Where  this  is 
not  possible  the  unit  has  an  installation  specific  card  slot  that  can 
be  adapted  to  engine  data  directly  from  the  sensor  in  whatever  manner 
is  dictated  by  the  installation  (raw,  partially  pre-conditioned,  mul¬ 
tiplexed,  etc).  This  latter  method  may  also  be  used  where  direct  proces¬ 
sing  on  real-time  raw  data  is  required,  for  instance  vibration 
analysis. 

CHETAIL 

Even  if  your  presentation  refers  obviously  only  to  military  applications 
I  feel  this  would  also  apply  to  civil  applications.  Don't  you  believe 
that  the  curve  on  fig  1  would  go  through  a  maximum  value  of  benefits, 
above  which  additional  investment  will  not  pay  off? 

Author's  Reply: 

The  presentation  is  not  only  applicable  to  the  military  environment, 
although  most  examples  given  were  from  military  aircraft.  I  introduced 
fig  1  without  scales  on  the  axes  as  there  would  always  be  cases  that 
did  not  conform.  There  is  also  an  argument  for  the  slope  of  the  line, 
and  for  some  cases  your  assertion  may  well  be  true.  However  the  under¬ 
lying  argument  is  still  true,  for  some  investment  there  will  be  some 
benefit,  but  for  a  lot  more  investment  you  don't  necessary  get  a  lot 
more  benefit. 
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C.  SCURA 

During  Che  persentatlon  you  showed  extensive  use  of  instruaentation 
with  L.C.D.  What  kind  of  problea  did  you  encounter  during  cold  weather 
and  night  operations?  What  solutions  did  you  adopted? 

Author's  Reply: 

For  cold  weather  operation  we  use  an  integral  heater  to  maintain  the 
L.C.D.  at  a  t"  that  ensures  a  good  crystal  response.  For  night  opera¬ 
tions  a  variable  intensity  backlight  is  employed. 
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MAINTENANCE  AJD  SYSTEM  FOR  WIDE  BODY  AIRCRAFT' 
by 

Albert  LEVIONNOIS 

Heasiirement  &  Plight  Test  Department 
SOCIETE  DE  FABRICATION  D* INSTRUMENTS  DE  MESURE 
13,  Av.  Marcel  Ramolfo-Carnier 
F913«4  MASSY  CEDEX  -  France 


SUMMARY 

Aircraft  engines  belong  to  the  essential  part  the  maintenance  people  need  to  get  a  great  deal  of  informa¬ 
tion  of,  in  order  to  define  conditions  under  which  incidents  happened  for  failure  troubleshooting  purposes. 
Modern  aircraft  with  numerical  equipment  provide  all  necessary  parameters  with  a  good  precision.  Aircraft 
condition  monitoring  systems  (ACMS)  centralize  all  Information  mainly  from  data  buses,  compute  flight  phase, 
determine  the  reports  to  be  made  per  flight  phase  and  function  and  carry  out  automatic  parameter  picking. 
Should  an  incident  occur,  then  parameters’  history  is  stored  before  and  after  the  incident,  together  with 
their  evolution.  All  those  information  are  stored  into  static  memory  inside  the  equipment  for  being  trans¬ 
mitted  by  data  link  or  printed  during  or  after  flight  or  down  loaded  to  a  transfer  tool, when  the  aircraft 
is  back  to  its  base.  Today  between  35  and  40  types  of  reports  are  currently  operating  on  wide  body  aircraft 
This  technology  is  easily  adaptable  to  combat  aircraft. 


List  of  Abbreviations 


Air  Conditioning 
Aircraft 

ARINC  Conununication  Addressing  <•  Reporting  System 

Aircraft  Integrated  Data  System 

Airplane  Condition  Monitoring  System 

Auxiliary  Power  Unit 

Aeronautical  Radio  Incorporated 

Autothrottle 

Computer  Air  Speed 
Control  i  Display  Unit 

Digital  Aids  Recorder 

Digital  Flight  Data  Acquisition  &  Management  Unit 

Digital  Flight  Data  Recorder 

Divergence 

Data  Management  Unit 

Display  and  Mass  Memory  Terminal 

Exhaust  Gas  Temperature 

Elapsed  Time  to  Arrival 

Flight  Data  Acquisition  Unit 

Plight  Data  Entry  Panel 

Flight 

Foot,  feet 

Plight  Mode 

Flight  Warning  Computer 
Gross  Weight 

Internal  Turbine  Temperature 

Linear  Accelerometer 
Line  Replaceable  Unit 

Multipurpose  Control  and  Display  Unit 
Modular  Common  Unit 
Mach  Number 
Minute 

Fan  Speed 
Core  Speed 
Generator  Speed 
Generator  Speed 
Propeller  Speed 

Outside  Air  Temperature  Limit 
Oil  Pressure 
Oil  Temperature 
On  Request 


Pulse  Code  Modulation 
Pre  Event  History 
Power  Lever  Angle 
Printer 


OAR 


Quick  Access  Recorder 
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R/U  Run  Up 

SAR  Smart  Airborne  Recorder 

TAT  Total  Air  Temperature 

TBD  To  be  defined 

TGOC  Touch  and  Go  Counter 

TLA  Thrust  Lever  Angle 

TTP  Time  to  Peak 

UTC  Universal  Time  Coordinated 

VC  Vibration  Compreesor 

VF  Vibration  Fan 

VH  Vibration  High  Turbine 

VL  Vibration  Low  Turbine 

VRTG  Vertical  Acceleration 

1 .  Introduction 

Health  monitoring  on  airplane  engines  leads  to  appropriate  maintenance  actions  which  are  consequently  made 
fr<MB  ground  inspection,  but  also  thanks  to  the  record  of  engine  reports  which  are  processed  in  real  time 
during  the  flight.  The  above  data  are  available  from  the  ACHS  (Airplane  Condition  Monitoring  System,  pre¬ 
viously  AIDS  Aircraft  Integrated  Data  System),  which  maintains  a  record  of  engine  performance,  so  that 
mechanical  malfunctions  and  gas  path  deterioration  may  be  recognized  adequately. 

SFIM's  large  experience  in  Flight  Data  Acquisition  Systems  for  military  and  commercial  aircraft  led  to 
develop  and  manufacture  ACMS  systems.  Those  products  are  now  fitted  on  various  aircraft  such  as  ; 

-  Twin  turboprop  aircraft  :  ATR  ^2,  ATR  72, 

-  Twin-engined  Jet  :  A  310,  A  300-600,  B  737-300. 

-  Four-engined  Jet  :  KC  135- 

On  all  those  aircraft,  SFIM's  ACMS  concept  was  based  on  developing  a  FDAU-DMU  integrated  in  one  box  : 

-  1/2  ATR  short  for  ATR  42.  ATP  72.  KC  135. 

-  6  MCU  for  A  310,  A  300-600.  B  737-300. 

This  paper  will  examine  the  various  tasks  achieved  by  ACMS. 

2.  Four-Engined  Jet  :  KC  135 

2.1.  -  FDEP 

The  FDEP  is  installed  in  the  cockpit  and  is  used  for  : 

-  Manual  Introduction  by  means  of  4  thumbwheels  of  time  setting  and  identification  numbers  on 
request  by  the  crew, 

-  GMT  display, 

-  "Event”  push  button, 

-  FDAU  and  system  status  lamp  display, 

-  Maintenance  use  :  control  and  display  of  each  parameter  of  the  PCM  data  frame. 

2.2.  -  FDAU  ♦  DMU 

The  FDAU  *  DMU  in  one  box  is  installed  In  the  electronic  bay  and  is  used  for  the  FDAU  : 

-  To  acquire  all  mandatory  parameters, 

-  To  generate  the  PCM  data  frame  for  the  DFDR , 

-  To  dialogue  with  the  FDEP. 

For  the  DMU  : 

-  To  acquire  additional  ACMS  parameters, 

-  To  recognize  flight  phases, 

-  To  achieve  ACMS  processing, 

-  To  store  reports  in  the  DMU  mass  memory, 

-  To  dialogue  with  the  DMT  for  data  outputting  on  the  ground  before  laboratory  processing. 

2.3.  -DMU  Reports  Processing 

Flight  phases  are  recognized  and  OMU  creates  5  different  reports  which  are  : 

-  Report  1  ;  Automatic  cruise  recording, 

-  Report  2  :  Manual  recording, 

-  Report  3  :  Take-off  recording, 

-  Report  4  :  Recording  on  threshold  overshoot, 

-  Report  5  :  Recording  on  landing. 

In  addition,  the  mass  memory  of  the  DMU  can  be  milked  out  by  the  DMT. 

2.4.  -  Automatic  Cruise  Recording 


Report  1 . 

This  record  is  made  once  per  flight  in  stabilized  conditions  : 
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>  Altitude  variation  lower  than  +/-  100  ft  for  2  on  (if  parametere  acquired), 

-  N2  variation  lower  than  */~  1  %  for  5  an  on  the  A  engines, 

•  PLA  variation  lower  than  1  %  for  5  on  on  the  4  engines, 

-  KN  variation  lower  than  ♦/-  1  %  for  5  an. 

The  variation  ranges  together  with  the  stabilization  period  are  progrannable  and  can  be  revised. 

At  the  end  of  a  4  on  stabilization  period  m  N2  and  KN,  the  computer  takes  the  average  over  1  mn  of  the 
engine  parameters  :  PLA,  Nl,  N2,  EOT,  Fuel  flow.  If  no  stabilization  is  obtained  during  a  flight,  the  re¬ 
cording  is  not  made. 

List  of  parameters  used  for  manual  or  automatic  recording  : 

-  Engine  parametere  :  PLA,  HI,  H2,  GGT,  Fuel  flow.  Oil  pressure.  Oil  temperature, 

-  General  parameters  :  ALT,  KN,  TAT.  Flight  counter,  TGOC, 

-  and  documentary  parametere. 

2.5.  -  Manual  Recording 

Report  02 . 

This  report  is  triggered  by  depressing  the  MAN  RECORD  button  located  on  the  instrument  panel. 

The  AUTO/NAN  RCOKD  indicator  lamp  lights  up  when  the  report  is  recorded. 

N.B.  -  Thee  manual  record  button  action  is  filtered  on  the  ground  (switch  train  or  ground). 

2.6.  -  Take-off  Report 


Report  03. 

This  recording  of  the  take-off  report  is  triggered  when  the  radioaltimeter  reading  reaches  600  ft. 
The  recording  consists  of  a  direct  sampling  snapshot  of  the  engine  parameters.  After  recording  ,  the  pro¬ 
cessing  of  this  report  ta  no  longer  authorized  for  the  rest  of  the  flight.  Processing  is  authorized  again 
at  the  end  of  a  flight,  after  a  landing. 

Touch  and  go  :  The  system  detects  "touch  and  go"  events  and  does  not  trigger  the  recording  of  the 
take-off  report  on  transition  to  600  ft. 

Definition  of  "touch  and  go"  :  A  take-off  is  considered  as  a  "touch  and  go",  if  the  transition  to 
600  ft  takes  place  after  60  seconds  or  less  following  a  landing. 

"Touch  and  go"  counter  (TGOC)  :  A  counter  (TGOC)  is  incremented  each  time  a  "touch  and  go"  Is  de¬ 
tected.  The  counter  Is  recorded  in  the  take-off  report. 

Counter  reset  to  zero  •.  The  "touch  and  go"  counter  (TGOC)  and  the  flight  counter  IFLCT)  are  reset 
to  zero  each  time  a  transfer  of  reports  takes  place  on  the  DffT  unit. 

2.7.  -  Exceedance  Report 

Report  04. 

When  engines  are  running  on  ground  during  the  flight,  engine  exceedance  monitoring  is  permanently 
performed  under  the  following  conditions  ; 


^fmimeltr  mver  HmH 


For  each  parameter,  3  thresholds  are  resident  into  the  software  and  times  over  limit  are  computed 
as  follows  : 


'  -  TOL  1 

;  Tine 
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limit 

threshold  1 

»  tl. 

!  -  TOL  2 
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'  t3. 
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between  the 

first  threshold  and  the  maximum  value  of  the  parameter 
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Acquialtion  of  engine  paraaetere  :  When  the  first  threshold  is  exceeded,  a  recording  Is  Bade  of 
all  the  engine  paraBetera.  The  aystea  then  aonitora  the  evolution  of  the  exceeded  paraneter,  and  Beaaures 
the  maxlBUB  value  reached  by  the  parameter  together  with  this  exceeded  times  (tl  >  t2  >  t3  ~  t4). 

Threshold  exceedence  recording  :  The  paraaeters  PLA,  Nl,  N2  and  EXTT  are  under  continuous  surveil¬ 
lance,  and  a  recording  sequence  is  executed,  if  any  of  the  threshold  values  is  reached.  The  prograsBie  is 
capable  of  processing  3  thresholds.  The  exceedence  times  (tl  -  t2  -  t3)  of  each  threshold  are  measured 
and  recorded,  together  with  the  tlse  (tA)  elapsed  between  the  exceedence  of  the  first  threshold  and  the 
maximum  value  reached  by  the  parameter. 

Filtering  and  transient  conditions  :  A  threshold  exceedence  must  be  confirmed  for  3  seconds  to 
trigger  the  recording  of  the  report.  The  acquisition  and  recording  of  engine  parameters  is  the  same  as 
for  the  ATR  ^2  aircraft . 

2.8.  -  Landing  Recording 

Report  05 . 

This  report  is  recorded  at  the  moment  of  landing  ("on  ground"  train  switch),  if  there  was  no  auto¬ 
matic  recording  (Report  01)  or  manual  recording  (Report  02)  during  the  flight.  The  format  of  report  03  is 
identical  to  that  of  Reports  01  and  02. 

Recording  of  Report  05  :  Report  05  is  recorded  automatically  when  the  PLIGHT/CROUND  transition 
takes  place,  if  no  cruise  report  has  been  recorded  during  the  flight  in  manual  or  automatic  mode.  The 
AUTO  RECORD  indicator  lamp  goes  out  at  the  instant  of  PLICHT/GROUND  transition, 

3.  Twin-Engined  Jet  ;  A  310.  A  300-600  and  8  737-300 

On  the  above  aircraft,  SFIM'a  ACKS  consists  in  fitting  on-board  a  CDU  and  a  DFDAMU.  Those  LRUs  are 
normally  linked  to  a  DFDR,  PRT,  QAR  or  DAR  and  ACARS.  The  reports  processed  by  the  DNU  part  can  be 
achieved  automatically  or  on  request  by  using  the  remote  print  button  of  the  cockpit  and/or  the  print 
button  on  the  CDU.  As  an  example,  you  will  find  llsio)  below  the  reports  which  are  available  in  one 
configuration  of  BOEING  B  737-300  aircraft. 

3.1.  -  B.  737-300  ACMS  Reports 

Ten  reports  are  available  in  this  configuration  and  they  are  listed  below  with  their  appearance 
as  far  as  flight  modes  are  concerned. 

The  flight  modes  are  :  1  Preflight 

2  Engine  start 

3  Taxi 

4  Take-off 

5  Climb 

6  Cruise 

7  Descent 

8  Approach 

9  Roll 

and  reports  appearance  with  related  flight  mode  is  as  below  ; 


FLIGHT  NODE 

I 

2 

3 

A 

5 

6 

7 

s 

V 

01  ENGINE  CRUISE  REPORT 

X 

02  ENGINE  CRUISE  REPORT  (NO  STABU  DATA 

ATS  -  OFF) 

X 

M  ENGINE  T/0  EEFOKT 

X 

X 

05  ENGINE  EEPORT  0/E 

X 

X 

X 

X 

X 

X 

X 

X 

X 

06  ENGINE  GAS  PATY  ADV  REPORT 

X 

X 

X 

X 

X 

X 

X 

X 

07  ENGINE  HECH  ADV  EEPOET  (MECHANICAL) 

X 

X 

X 

X 

X 

X 

X 

X 

09  ENGINE  EGT  DIV  REPORT 

X 

X 

11  ENGINE  R/U  REPORT 

X 

X 

X 

15  FLT  LOAD  REPORT 

X 

X 

X 

X 

X 

X 

16  REAL  TIME  REPORT 

X 

X 

X 

X 

X 

X 

X 

X 

X 

Relevant  flight  modes  :  Cruise  only. 

Trigger  cmditlons  :  5  consecutive  cruise  reports,  if  selected  via  CDU  input,  i.e.  on  request  mode. 
Stability  criteria  :  Stable  frame  conditions  met. 

Data  type  :  The  following  data  to  be  average  values  ;  TAT,  Mach  Number,  Altitude,  Nl,  N2,  EGT, 

Fuel  Flow,  TLA,  Oil  Temperature,  Oil  Pressure,  Vibration  Magnitudes,  Phase  Angles,  Flight  Path  Accelera> 
tlon,  Inertial  Vertical  Velocity.  Angle  of  Attack.  The  following  data  to  be  raw  values  at  the  end  of  the 
stability  search  :  Gross  Weight,  True  Heading,  Latitude,  Longitude. 

3.3.  -  Report  02  :  Engine  Cruise  Report 

Relevant  flight  modes  ;  Cruise  only. 

Trigger  conditions  :  If  no  Report  01  is  generated,  no  stable  data  were  found. 

Stability  criteria  :  No  stable  frame  found. 

Data  type  :  The  same  data  to  be  average  values  as  for  Report  01. 

3.4,  -  Report  04  ;  Engine  T/0  Report 

Relevant  flight  modes  :  Take-off  only. 

Trigger  conditions  ;  To  be  generated  seconds  (time  reprogr.)  after  entering  flight  mode  take-off 
under  additional  conditions  as  follows  : 

-  Every  30th  flight,  or 

-  Five  consecutive  T/O's  if  selected  via  CCAJ,  i.e.  on  request  mode,  or 

-  Five  consecutive  T/O's  after  engine  change. 

Data  type  :  The  following  data  to  be  average  values  taken  from  the  12  seconds  PEH-buffer  (status 
5  seconds  after  trigger  time,  see  figure  below)  :  Oil  Temperature,  Oil  Pressure.  Vibration  Magnitudes, 
Phase  Angles.  The  following  data  to  be  snapshot  (raw)  values  taken  from  PEH  at  trigger  time  :  TAT,  Mach 
Number,  Altitude,  Nl.  N2.  EGT.  Fuel  Flow,  TLA. 


1  4 - 

XXX 
-8  -6  -4 


- PEH  - 

X  X  X  X  X 
-2  0 


- >  I 

X  X  X  X 

2  4  5  6  <--  time 

I 


Trigger 

time 


Freeze  PEH  and 
generate  prlnt^out 


3.5-  -  Report  05  :  Engine  Report  0/R 
Relevant  flight  modes  :  All. 

Trigger  conditions  :  Via  push  button,  see  figure  below  for  details. 

Data  type  :  All  data  to  be  shapshot  (raw)  values  taken  from  the  12  seconds  PQI-buffer.  Data  to 
include  the  t  *  ♦  5  data  set  stored  in  the  PEH-BUFFER. 


PEH 


->! 


|<-pre  event—  >!l<-at  and  post->’ 

data  data 


XXX 
-8  -7  -6  -5  -4 


X  X  X  X  X  X 
-3-2-1  0  I  2 

I 
! 

Freas  push 
button 


X  X 
4  5 
J 
I 


6  time't* 


Freese  FCH  and 
generate  print-out 


3.6.  -  Report  06  ;  Biglne  GAS  PATH  ADV  Report 
Relevant  flight  modes  :  All. 

Trigger  conditions  :  Report  to  be  generated  when  limit  exceedence  conditions  met.  Exceedence  para¬ 
meters  Nl,  N2  and  EGT  are  continuously  smoothed  by  exponential  smoothing  (both  engines)  : 

New  value  «  Old  value  *  Alpha  x  (New  value  -  Old  value) 

(smoothed)  (smoothed)  (raw)  (smoothed) 

Alpha  to  be  reprogrammable .  Check  exceedence  versus  smoothed  parameters . 

Limit  type  :  Fixed  limits  for  Nl  and  N2  are  independent  of  flight  mode.  Nl-limit  :  102  X,  N2-llmlt 
10^  %.  Fixed  limits  as  a  function  of  flight  mode  to  be  defined  for  EGT. 

Limit  1  :  905’  C,  valid  for  FM  2.3 

Limit  2  :  905’  C,  valid  for  FM  4 

Limit  3  :  870*  C,  valid  for  FM  5,  6.  7.  8.  9. 

Data  type  :  Pre  event  data  to  be  snapshot  (raw)  values  taken  from  the  12  seconds.  PEH-buffer 
freezes  PEH,  when  limit  exceedence  is  detected.  Data  at  and  post  event  to  snapshot  (raw)  values  taken 
from  the  60  seconds  exceedence  buffer. 
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3.7.  -  Report  07  :  Engine  Mechanical  ADV  Report 

Relevant  flight  nodes  :  All > 

Trigger  conditions  :  Report  to  be  generated  when  Unit  exceedence  net.  Exceedence  paraneters  VP, 
VC,  VH,  VL,  OIP  AND  OIT  (for  both  engines)  are  continuously  enoothed  by  exponential  smoothing  : 

New  value  >  Old  value  ♦  Alpha  x  (New  Value  -  Old  Value) 

(sttoothed)  (smoothed)  (raw)  (smoothed) 

Alpha  to  be  proganmable . 

Limit  type  :  Limits  as  a  function  Y  •  f(X)  defined  via  a  set  of  linear  equations.  Polygone  to  be 
defined  for  the  following  parameter  functions  :  VF  *  f  (Nl),  VC  =  f  (N2},  VH  *  f(N2),  VL  =  f(Nl).  OIP  « 
f  (N2).  All  functions  per  engine.  Limit  curves  are  defined  through  3  linear  segments  per  function. 
Monitoring  of  OIT  has  to  be  performed  with  a  fixed  limit  valid  for  all  flight  modes  like  NX,  N2  and  EGT 
monitoring  in  Report  06.  OIT-LIMIT  1  :  165*  C.  In  addition,  it  has  to  be  alerted,  if  a  second  (lower) 
limit  has  been  exceeded  for  more  than  15  minutes.  OlT-llmlt  2  :  160*  C. 

Data  type  :  Pre  event  data  to  be  snapshot  (raw)  values  taken  from  the  12  seconds.  PEH-buffer 

freezes  PEH  when  limit  exceedence  la  detected.  Data  at  and  post  event  to  be  snapshot  (raw)  values  taken 

from  the  60  seconds  exceedence  buffer. 

3.8.  -  Report  09  :  Engine  EGT  DIV  Report 

Relevant  flight  modes  :  Climb  and/or  cruise. 

Trigger  conditions  :  Report  to  be  generated  when  divergence  conditions  met.  Only  one  report  per 
leg  and  threshold. 

Data  type  :  Pre  event  data  to  be  snapshot  (raw)  values  taken  from  the  12  seconds  PEH-buffer. 

Data  at  and  post  event  to  be  snapshot  (raw)  values  taken  from  the  60  seconds  exceedence  buffer. 

Interactivity  :  After  generating  the  Report  09,  the  software  has  to  initialize  the  search  logic 
for  stable  data  determination  to  generate  a  Report  01,  as  soon  as  possible  for  divergence  verification 
purposes . 

3-9.  •  Report  11  :  Engine  R/U  Report 

Relevant  flight  modes  ;  On  ground  only. 

Trigger  conditions  :  Via  remote  push  button. 

Data  type  :  The  following  data  to  be  average  values  :  TAT,  Mach  Number,  Altitude.  Nl.  N2,  EGT, 
Fuel  Flow,  TLA,  Oil  Temperature,  Oil  Pressure,  Vibration  Magnitudes,  Phase  Angles. 

J<— - - lo  b*  averated - >[ 

XXXXXXXXXXXX 
I  2  3  d  S  b  7  e  »  10  n  12  <—  titw  't' 

I  I 

•  I 

?r«t«  button  and  atari  Calculate  average  and 

data  acquiaition  for  generate  print-out 

average  calculation 


3.10.  -  Report  16  :  Real  Time  Report 

Relevant  flight  modes  :  Any. 

Trigger  conditions  :  1.  CDU  menu  selection. 

2.  Depression  of  remote  print  button. 

3.  Start/Stop  logic. 

Data  type  :  If  the  report  is  generated  by  trigger  condition  1  and  2,  a  maximum  of  20  seconds 
(40  data  lines)  shall  be  printed  at  an  update  rate  of  1  second.  The  print  report  shall  be  terminated 
normally  either  when  20  seconds  of  data  have  been  printed  or  the  print  button  is  twice  depressed  within 
short  time.  If  s  continuation  of  Report  16  le  desired  after  the  first  20  seconds  of  data,  the  print  button 
on  CDU  or  the  remote  print  button  must  be  pressed  again  prior  termination  of  the  first  print-out,  to 
receive  consecutive  data  between  the  reports.  If  the  report  is  generated  by  trigger  condition  3,  then  the 
report  ehsll  be  generated  until  the  print  stop  logic  is  true  (normally  20  seconds,  if  no  further  stop 
input  entsred  or  max  up  to  80  seconds ) . 

4 .  Evolutions  on  ACMS  Systems 

At  the  very  beginning  of  ACMS,  mainly  the  system  was  dealing  with  engine  monitoring,  but  the  current 
and  next  generation  will  process  also  reports  such  as  : 

-  Crew  proficiency 

-  Aircraft  performance  monitoring 

-  Incident  Investigation 

-  Flight  path  report 

-  Wlndshear  report 

-  Fuel  consumption 
etc . . . 
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In  addition  to  these  new  processing  capabilities,  the  system  vill  extend  its  peripheral  conmunication  with 
NCDU,  multipurpose  printer,  ACARS  and  multipurpose  Disk  Drive  Unit.  The  disk  drive  capability  will  bring 
a  very  high  flexibility  In  the  system  In  such  a  way  that  the  user  will  have  the  possibility  to  program 
new  reports  from  a  ground  personal  computer.  The  ACMS  linked  to  the  ACARS  will  dramatically  decrease  the 
critical  maintenance  action  leadtioie,  assuming  that  reports  can  be  transmitted  on  the  ground  station 
before  landing. 

k .  Conclusion 

The  numerous  advantages  of  the  ACHS  system  utilisation  such  as  maintenance  cost  saving,  enhanced  safety, 
performance  analysis,  incident  investigation,  show  the  ever  increasing  role  they  can  play  in  the  overall 
operation  and  siaintenance  plan  of  current  and  future  airplanes.  In  other  words,  ACMS  is  one  key  to  a 
healthy  outgoing  avionics  activity. 
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SUMMARY 


Extensive  Installed  and  uninstalled  gross  thrust  messurements  were  made  over  one 
complete  maintenance  cycle  on  nineteen  afterburning  turbojet  engines.  Installed 
measurements  utilised  s  sensor  which  can  compute  the  thrust  in  real  time  from  engine 
tailpipe  pressure  measurements.  Correlation  of  installed  thrust  with  maintenance  history 
indicated  a  maximum  degradation  below  which  engines  were  removed  from  service. 

The  engines  were  trimmed  uninstalled,  using  lapse  rate  cherts  to  produce  a  specific 
value  of  uninstalled  thrust,  corrected  to  standard  conditions.  Significant  variations  in 
installed  corrected  thrust  resulted.  Higher  initial  values  of  installed  corrected  thrust 
resulted  in  more  rapid  engine  degradation  and  a  shorter  time  before  maintenance  was 
required. 

Conclusions  are: 

i)  rapid  Installed  thrust  degradation  indicates  probable  early  engine  failure 

ii)  a  high  initial  installed  thrust  results  in  more  rapid  thrust  degradation. 

Periodic  monitoring  of  installed  thrust  will  detect  both  of  these  conditions  and  thus  aid 
significantly  in  engine  health  analysis. 


DATA  DESCRIPTION 

Engine  ground  performance  data  were  available  from  a  group  of  nineteen  afterburning 
turbojet  engines  installed  in  a  twin  engined  supersonic  military  aircraft.  Sixteen  of 
these  engines  were  monitored  over  a  complete  maintenance  cycle  of  six  hundred  hours. 
Installed  performance  checks  were  obtained  at  intervals  of  approximately  50  flying  hours 
and  additionally  whenever  engine  retrimming  occurred.  Each  engine  remained  in  the  same 
aircraft  and  engine  bay  for  the  duration  of  the  data  collection  exercise  to  enable  longer 
term  trends  to  be  discerned. 

The  engines  were  trimmed  in  an  engine  test  cell  to  produce  a  military  power  thrust 
which  was  a  function  of  the  ambient  temperature  end  pressure.  The  trim  procedure  sets 
the  uninstalled  thrust  level  to  a  constant  using  an  engine  test  stand.  The  definition  of 
this  function  was  intended  to  correct  for  ambient  conditions  so  that  the  engines  would 
produce  a  specific  standard  day  uninstalled  military  power  thrust.  Maximum  afterburning 
power  was  checked  against  a  second  thrust  function  to  ensure  that  it  was  adequate. 
Uninstalled  data  defining  the  operation  of  the  engine  after  trimming  was  obtained  from 
the  thrust  stand  and  related  test  cell  instrumentation. 

Fuel  flow,  exhaust  gas  temperature  (BGT)  and  rotor  speed  (RPM)  were  obtained  using 
standard  military  test  equipment.  The  installed  thrust,  ambient  pressure  and  intake  air 
temperature  were  measured  using  a  proprietary  system  developed  by  Computing  Devices 
Company.  This  equipment  will  be  further  described  below  as  it  provides  the  facility  to 
easily  measure  installed  thrust  which  makes  practical  its  use  as  an  engine  health 
parameter. 
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THRUST  MRXSintgMKOT  SYSTEM 
Description 

The  Thrust  Meesurenent  System  calculates  the  gross  thrust  from  pressure  measurements 
made  in  the  engine  tailpipe  plus  ambient  static  pressure.  The  method  has  been  used  by 
NASA  on  the  P-15,  MiMAT  and  X-29  programs.  The  results  (references  1,  2,  3  and  4)  show 
advantages  over  the  traditional  methods,  such  as  the  manufacturer's  inflight  thrust 
program,  in  that  much  less  instrumentation  is  required  and  accurate  thrust  can  be 
computed  in  real  time.  All  engine  pressure  measurements  are  made  downstream  of  the 
rotating  machinery  using  special  probes  and  taps  installed  in  the  diffuser  and  tailpipe. 
As  a  result  measurement  accuracy  is  not  affected  by  engine  degradation  or  intake 
distortion. 

The  pressure  inputs  are  combined  to  determine  the  thrust  produced  by  the  engine  using 
equations  developed  by  Computing  Devices  Company  and  constants  determined  by  testing  an 
engine  in  a  thrust  stand.  This  testing  does  not  have  to  be  done  for  each  individual 
engine.  Once  the  calibration  constants  are  determined  for  the  engine  model,  good 
accuracy  is  obtained  for  all  engines  of  this  model  without  further  testing. 

Pressures  are  sensed  et  three  locations  in  the  engine  tailpipe.  Figure  1  is  an 
engine  schematic  which  shows  the  locations  of  the  required  pressure  measurements. 

Turbine  exit  total  pressure  is  measured  by  a  set  of  rakes  which  extend  into  the  flow 
in  the  diffuser  section.  Each  rake  carries  several  total  pressure  probes  which  are 
manifolded  together.  The  outputs  from  the  rskes  are  further  manifolded  to  obtain  a 
single  pressure  signal.  Design  of  the  rakes  end  manifolding  is  such  that  the  pressure 
signal  represents  the  average  value  of  the  total  pressure  et  the  measurement  location. 
These  rakes  are  the  only  immersed  probes  required. 

Static  pressures  are  measured  at  two  downstream  locatlona.  These  measurements  are 
made  using  taps  mounted  flush  with  the  wall  of  the  tailpipe  liner.  Several  taps  were 
used  St  each  axial  location,  manifolded  together  to  obtain  a  single  representative 
pressure  signal.  The  locations  of  these  taps,  one  set  at  the  flameholder  and  the  other 
at  the  entrance  to  the  exhaust  nozzle,  enables  the  effect  of  afterburning  combustion  to 
be  included  in  the  thrust  calculation,  while  the  use  of  only  wall  taps  at  the  nozzle 
entrance  enables  the  sensors  to  withstand  the  reheated  exhaust  gas  without  damage. 

In  addition  to  these  engine  pressures,  the  computation  of  gross  thrust  requires 
measurement  of  the  ambient  static  air  pressure.  During  the  tests  described  in  this 
paper,  ambient  pressure  was  obtained  from  a  static  pressure  probe  located  adjacent  to  the 
aircraft.  No  other  measurements  such  as  temperature  or  mass  flows  are  required  for  gross 
thrust  computation. 

The  pressure  transducers  and  computing  hardware  necessary  to  compute  the  thrust  are 
housed  in  the  Sensor,  Thrust  Computing  which  may  be  mounted  on  or  adjacent  to  the  engine 
or,  for  ground  use  mounted  in  a  separate  package  external  to  the  aircraft. 

The  equipment  may  also  be  configured  for  measurement  of  net  thrust,  which  corrects 
for  the  rsm  drag  experienced  in  flight  as  a  result  of  ingestion  of  moving  air  by  the 
engine.  The  calculation  of  ram  drag  requires  additional  inputs  of  true  air  speed  and 
exhaust  gas  temperature.  These  parameters  are  already  measured  for  use  by  aircraft 
instrumentation,  so  that  suitable  input  signals  can  be  obtained. 


Figure  1.  Pressure  Heasurement  Locations  in  the  Engine  Tailpipe. 
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The  thrust  meesuring  eceurecy  wee  evelueted  on  en  aircraft  thrust  stand  and  found  to 
be  within  ±2.B  percent  at  niXitary  power,  at  the  95%  confidence  level. 

The  thrust  algorithm  has  also  been  used  by  NASA  on  the  P-IS,  HlMAT  and  X-*29  programs. 
On  the  X~29  the  thrust  was  computed  and  displayed  in  real  time.  Inflight  gross  thrust 
measurement  total  uncertainty  is  tl.5  percent  at  intermediate  power  at  the  aircraft 
design  point  (0.9  Hach  at  30.000  ft).  Owing  to  the  higher  thrust  levels  produced,  the 
percentage  accuracy  at  maximum  afterburning  power  was  somewhat  greater  (ll.l  percent). 

The  X-29  program  included  testing  of  the  thrust  computing  algorithm  in  the  altitude 
cells  at  NASA/Lewis  Research  Center.  Using  pressure  transducers  associated  with  the 
altitude  cell  to  collect  data,  the  thrust  algorithm  calculated  thrusts  which  agreed  with 
the  cell  thrust  within  ^1.8  percent  for  131  data  points  at  11  simulated  flight  conditions 
over  the  Mach/altitude  envelope. 


ENGINE  PERFORMANCE  DATA 


Installed  Thrust  Ranee 


The  installed  thrusts  display  a  considerable  range  of  variation  due  to  installation 
effects,  engine  degradation  and  temperature  lapse  rate  variations.  Figure  2  shows  the 
installed  military  power  gross  thrust  corrected  to  sea  level  standard  pressure  as  a 
function  of  the  ambient  temperature.  These  data  are  from  sixteen  engines  tested  over  the 
full  600  hour  maintenance  cycle.  The  data  are  presented  as  a  function  of  the  nominal  sea 
level  thrust.  The  spread  about  the  mean  is  >5.35  percent  at  the  2  sigma  level  (over  200 
points) .  Correcting  for  installed  thrust  measurement  accuracy  results  in  an  observed 
thrust  spread  of  >4.62  percent. 


Thrust  Degradation  and  Temperature  Lapse  Rates 


A  better  understanding  of  the  mechanisms  causing  performance  variations  can  be 
obtained  by  considering  the  performance  of  individual  engines. 

Inta)ce  air  temperature  significantly  affects  the  thrust  produced  by  a  turbojet 
engine.  As  the  temperature  increases,  the  air  mass  flow  is  reduced  and  thrust  decreases. 
For  the  engines  tested,  the  rate  of  thrust  reduction,  )cnown  as  the  temperature  lapse 
rate,  proved  to  vary  considerably  between  engines  and  to  be  affected  by  engine 
maintenance.  Because  the  test  data  were  collected  at  the  prevailing  ambient  conditions, 
this  variation  roust  be  accounted  for  in  analyzing  the  data.  The  procedure  used  was  to 


Ambient  Temperature  (deg  F) 

Figure  2.  Military  Power  Thrust  Distribution  from  Test  Data. 
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first  corrsct  ths  thrust  dsts  to  sss  Isvsl  prsssurs  snd  then  to  porfora  s  rsgrsssion 
sgsinst  both  SBbisnt  tsBpsrsturs  and  sccumulstsd  snglns  tlas.  in  esses  where  sn  engine 
was  retrinMd,  the  data  accuaulated  for  each  tris  were  analyzed  separately.  This 
accounted  both  for  the  differing  triw  conditions  resulting  froa  restoring  the  uninstalled 
engine  thrust  to  the  initial  level  and  for  changes  introduced  by  the  engine  maintenance 
which  bad  resulted  in  the  reguireaent  for  retriaaing. 

Figures  3  and  4  show  the  performance  of  an  engine  at  a  single  trim  condition.  In 
each  figure,  the  line  derives  froa  the  regression  analysis  and  shows  in  one  case  the 
variation  of  thrust  with  changing  ambient  temperature  at  zero  hours  since  trim  and  in  the 
other  the  variation  of  thrust  with  accumulated  hours  of  service  at  an  ambient  temperature 
of  59  degrees  Fahrenheit.  The  engine  data  points  are  also  shown  on  the  figures.  The 
data  were  corrected  to  59  degrees  Fahrenheit  or  0  hours  since  trim  as  appropriate  by 
using  the  slope  parameters  from  the 
regression  analysis.  This  means 
simply  that  the  deviation  between 
the  point  and  the  line  shown  in  the 
figure  is  equal  to  the  deviation  of 
the  data  point  from  the  regression 
plane.  The  average  thrust 

degradation  rate  for  the  engines 
tested  was  1.0  percent  of  nominal 
thrust  per  hundred  hours. 

During  the  course  of  data 
collection.  the  engines  were 
removed  for  maintenance  and 
retrlmming  a  considerable  number  of 
tines.  As  a  result,  much  of  the 
trim  data  was  from  engines  which 
had  accumulated  a  number  of 
operating  hours  since  the  time  of 
scheduled  maintenance.  Despite  the 
performance  of  unscheduled 

maintenance.  these  engines 

exhibited  a  measure  of  performance 
deterioration  and  it  was  necessary 
to  trim  them  to  a  higher  EGT  to 
restore  the  thrust  to  the  trim 
level.  Figure  5  shows  that  the  EGT 
to  which  engines  were  trimmed 
tended  to  increase  as  the 
accximulated  service  hours  at  the 
time  of  trim  increased.  This 
figure  shows  considerable  scatter 
because  the  measured  EGT  is  based 
on  the  readings  of  a  limited  nusiber 
of  thermocouples  mounted  in  the 
engine  tailpipe.  Even  small 

amounts  of  mechanical  variation  in 
engine  assembly  can  significantly 
alter  the  temperature  profiles  in 
the  tailpipe  so  that  the 
thermocouple  reading  is  not  a  good 
absolute  indication  of  the 
variations  in  aerodynamic 

temperature  between  engines. 

However,  on  the  average,  the  EGT  which  was  set  when  the  engine  was  trimmed  increased  at 
the  rate  of  3.2  deg  C  per  100  hours  since  scheduled  maintenance.  Note  that  this  increase 
applies  only  to  the  temperature  which  was  set  at  the  time  o..  trimming.  After  the  engine 
was  trimmed  and  returned  to  service,  the  EGT  was  held  constant  by  the  engine  control 
system  and  the  thrust  decreased  as  service  hours  were  accumulated. 

As  the  performance  level  of  the  engines  was  increased  the  internal  operating 
temperature  of  the  engines  increased  and  more  rapid  degradation  would  be  expected.  This 
is  clearly  illustrated  in  figure  6  which  shows  the  degradation  rate  as  a  function  of  the 
initial  installed  military  power  thrust.  A  linear  fit  results  in  the  anomalous 
conclusion  that  engine  performance  would  improve  with  time  if  the  initial  thrust  were  low 


Figure  3.  Thrust  Variation  with 
Temperature  (Lapse  Rate) . 


Figure  4.  Thrust  Degradation  with  Time. 
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•nou0b.  Th*  •xpon«ncial  curva  ahown  avoiia  this  probXaa  by  becoming  aaymptotic  to  the 
zero  degradation  line  at  low  tbruat  levels. 

Tbe  overall  result  of  these  effects  was  that  engines  which  entered  service  with  a 
relatively  high  installed  thrust  degraded  at  a  faster  rate  than  engines  which  started  at 
a  lower  thrust  level. 

A  significant  point  about  figure  6  is  that  the  initial  installed  thrust  levels  vary 
by  about  8  percent.  These  are  the  thrusts  produced  by  engines  which  have  just  been 
installed  after  uninstalled  trinning.  The  tria  procedure  sets  the  uninstalled  thrust 
level  to  a  constant  using  an  engine  test  stand.  The  only  variation  is  that  introduced  by 
the  test  stand  accuracy.  Much  of  the  variation  in  thrust  level  shown  in  figure  6  is  a 
result  of  the  engine  installation.  The  probable  mechanism  is  that  relatively  small 

changes  in  flow  distribution  change 
the  temperature  profiles  in  the 
engine  and  thus  result  in  a  different 
average  exhaust  gas  temperature.  The 
control  system  operates  to  maintain  a 
constant  temperature  at  Ch€  single 
radius  where  the  thermocouples  are 
located.  These  variations,  which  can 
be  detected  only  by  monitoring  engine 
performance  after  installation  are 
sufficiant  to  Influence  the  rate  at 
which  the  engine  deteriorates  in 
service. 


Afterburning  Performance 

Afterburning  performance  of  the 
engines  was  studied  by  calculating 
the  augmentation  ratio.  In  addition 
to  the  three  military  power 
measurements,  each  data  point 
included  two  maximum  afterburning 
measurements.  These  were  averaged 
and  the  ratio  of  averaged  maximum 
afterburning  to  everage  military 
powar  was  calculated.  This  proved  to 
be  very  close  to  constant  for  each 
engine.  Low  augmentation  ratio  did 
not  appear  to  be  a  significant 
problem.  Adequate  afterburning 
thrust  was  found  when  the  military 
powar  thrust  was  satisfactory. 
Further  analysis  was  not  performed. 
This  conclusion  spplies  only  to 
ground  static  conditions,  performance 
in  flight  could  prove  to  be 
considerably  more  complex. 


Historical  Data  Individual  Engines 

Figure  7  shows  the  Installed 
performance  data  for  an  engine  which 
ran  without  ratrimming  for  the  full  600  hour  period.  This  figure  shows  four  data  points 
tshen  immediatsXy  after  installation  and  adaxtional  points  taken  at  intervals  of 
approximataly  50  engine  hours.  The  engine  was  removed  once,  at  261  hours,  to  facilitate 
maintenance  unrelated  to  the  engine.  Analyele  showed  a  temperature  lapse  rate  of  *14.6 
percent  of  nominal  thrust  per  100  degrees  end  s  thrust  degradation  rate  of  *0.4  percent 
per  100  engine  hours.  There  are  sixteen  data  points  snd  the  standard  deviation  about  the 
regression  is  1.211  psrcent  of  nominsl  thrust.  Ths  95  percent  band  for  the  thruet  la 
therefore  >2.61  percent.  In  view  of  the  measurement  errors  quoted  sbove  this  represents 
s  relatively  good  set  of  data. 

It  appears  from  the  figure,  that  the  engine  removal  and  rainstallation  at  261  houra 
had  soma  effect  on  the  thrust  levsl  of  the  installed  engine.  As  shown  in  figure  8,  the 


Figure  5.  BGT  Increase  after  Unscheduled  Retrim. 


Initial  Installed  Thrust  {%  off  Nominal) 

Figure  6.  Effect  of  Initial  Installed  Thrust 
on  Degradation  Rate. 
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data  bafora  and  aftar  tba  angina  ramoval  and  raplaceraent  fit  very  well  into  two  different 
faniliaa  ahowing  a  distinct  change  in  installed  thrust  level.  The  individual  fits  also 
show  a  snail  change  in  the  thrust  degradation  rate  (the  slope  of  the  lines)  however  this 
is  not  significant  in  view  of  the  limited  anount  of  data  in  each  group. 


Since  no  engine  maintenance  was  reported,  it  may  be  that  this  results  from  a  change 
in  intake/engine  alignment  resulting  from  the  removal  and  replacement.  Alternatively, 
some  maintenance  may  have  been  done 


that  was  not  determined 
maintenance  records. 


from  the 


Plotting  thrust  against  ambient 
temperature  for  this  engine  (figure 
9)  reveals  that  the  temperature 
lapse  rate  for  the  engine  is 
similar  for  both  data  subsets. 
This  is  what  would  be  expected  for 
a  thrust  level  variation  caused  by 
a  change  in  engine  intake 
alignment.  A  further  notable  point 
is  that  the  lapse  rate  revealed  by 
the  four  zero  time  points  also 
agrees  with  the  other  data.  The 
significance  of  this  is  that  the 
determination  of  degradation  rate 
could  be  simplified  if  the 
temperature  effects  were  separated 
by  determining  the  lapse  rate  from 
a  series  of  zero  time  data  points. 
In  practice  however,  this  requires 
that  the  engine  remains  under  test 
for  a  prolonged  period  in  order  to 
obtain  a  sufficiently  large  ambient 
temperature  spread  to  define  the 
lapse  rate  with  reasonable 
accuracy. 

A  second  engine  is  shown  in 
figure  10.  This  engine  was  tested 
installed  at  a  number  of  ambient 
temperatures  over  a  period  of 
several  days  before  the  aircraft 
started  flying.  Shortly 
thereafter,  the  engine  was  removed 
and  replaced  two.  possibly  three, 
times  for  repairs  to  the  BGT 
measurement  system.  It  was  not 
retrimmed.  The  figure  shows  a 
clearly  defined  degradation  trend 
for  the  data  taken  after  the  EGT 
repairs  were  completed.  The 
initial  tests  performed  before 
these  repairs  do  not  lie  on  the 
same  line.  At  the  end  of  the 
cycle,  the  engine  was  removed  for 
repair  of  a  stuck  exhaust  nozzle 
and  low  thrust.  The  final  group  of 
data  points,  collected  after  this 
repair,  show  correction  of  the  low 
thrust  problem. 

This  figure  shows  a  feature 
which  recurs  with  fair  regularity. 
Wien  an  engine  has  been  retrimmed 
after  maintenance,  the  installed 
thrust  often  changes  quite  rapidly 
over  the  first  few  hours  of  engine 
operation.  In  both  the  first  and 
last  groups  of  data  the  thrust 
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Figure  7.  Thrust  Degradation  over  600  Hours. 


Figure  8.  Thrust  Degradation,  Effect 
of  Engine  Removal. 


Figure  9.  Thrust  Level,  Effect 
of  Engine  Removal. 
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starts  at  a  high  level  and  decreases  as  repeated  data  points  are  taken.  This  behavior 
appears  to  correlate  with  maintenance  to  the  turbine  section  of  the  engine.  The  turbine 
rotors  were  replaced  before  the  first  trim  shown  and  the  turbine  nozzles  (stators)  were 
replaced  before  the  final  trim. 


Figures  11  and  12  show  the  performance  of  an  engine  which  underwent  frequent  removals 
and  replacements  for  a  variety  of  reasons.  In  contrast  to  figures  3  and  4,  the  data 
scatter  is  greater  although  both 
lapse  rate  and  engine  degradation 
are  clearly  defined.  The  various 


removals 
follows : 

1 
2 
3 


identified  as 


for  other  maintenance 
hot  start  —  MFC  replaced 
compressor  rotor  and 
bearing,  oil  cooler  and 
pressure  transducer, 

gearbox,  combustor  liner 
for  other  maintenance 
BGT  amplifier 

XB  no  light  —  AB  case 

repaired 

cocked  nozzle 


The  engine  was  retrimmed  after 
removal  number  3  and  the  repeated 
data  points  taken  at  this  time  show 
that  the  thrust  level  has  been 
restored.  However  separating  the 
two  sets  of  data  does  not 
appreciably  reduce  the  scatter  in 
the  data.  Typically  those  engines 
which  undergo  a  large  number  of 
removals  exhibit  a  fairly  wide 
scatter  in  the  recorded  data. 


DISCUSSION 

Installed  Thrust  Degradation  Rate 

There  is  an  installed  thrust 
level  below  which  engines  tend  to 
be  removed  from  service.  The  data 
show  that  engines  which  have  a 
rapid  rate  of  thrust  degradation 
are  generally  removed  at  an  early 
time  whereas  those  having  lower 
rates  may  remain  in  service  for  a 
prolonged  period,  installed  thrust 
monitoring  on  a  regular  basis  can 
enable  the  rate  of  thrust 
degradation  of  individual  engines 
to  be  established.  This  will 
permit  estimation  of  the  remaining 
service  life  before  the  performance 
of  the  engines  degrades  to  an 
unacceptable  level.  It  will  also 
enable  detection  of  an  increase  in 
degradation  rate  which  would 
indicate  incipient  failure  of  some 
of  the  internal  gas  path  components 
of  the  engine. 

It  is  clear  from  the  data  that 
monitoring  of  the  degradation  rate 
requires  that  the  lapse  rate  of 
thrust  versus  ambient  temperature 


Figure  10.  Thrust  Degradation,  Effect 
of  Maintenance. 


Figure  11.  Thrus-t  Degradation.  Frequent 
Engine  Removals. 


Figure  12.  Thrust  Lapse  Rate,  Frequent 
Engine  Removals. 
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is  also  detarninad.  To  a  great  extant,  the  ambient  temperature  of  measurements  cannot  be 
selected,  the  prevailing  value  must  be  accepted.  Two  possible  methods  of  dealing  with 
this  exist.  Individually,  they  both  appear  to  present  some  problems. 

The  first  method  is  to  establish  the  lapse  rate  Initially  by  making  a  series  of 
measurements  over  a  range  of  ambient  temperatures.  This  approach  has  the  appeal  of 
simplicity,  since  the  lapse  rate  can  be  defined  immediately  and  without  consideration  of 
the  degradation  rate.  Unfortunately,  it  can  result  in  tying  up  the  equipment  for  a 
prolonged  period  as  it  is  necessary  to  wait  for  the  ambient  temperature  to  change  over  a 
sufficient  range  and  it  may  be  necessary  to  extrapolate  from  this  range  in  order  to 
correct  degradation  data  recorded  at  a  later  time.  Neither  of  these  is  desirable. 

The  second  method  is  to  obtain  data  without  regard  to  ambient  temperature  and  then  to 
perform  a  regression  on  two  variables  to  separate  the  effects  of  lapse  rate  and  thrust 
degradation.  This  has  the  virtue  of  eliminating  any  wait  for  desired  ambient  conditions 
to  occur,  but  presents  problems  of  its  own.  The  first  problem  is  that  no  conclusion  can 
be  drawn  from  the  data  until  a  sufficient  niimber  of  points  have  been  collected  for  a 
reliable  regression  to  be  performed.  Since  it  appears  that  a  number  engine  failures 
develop  early  in  the  life  cycle,  an  infant  mortality  effect,  this  is  a  very  undesirable 
restriction.  The  second  problem  is  that  if  no  attention  is  paid  to  ambient  temperature 
in  accumulating  data  there  may  be  occasions  on  which  a  very  narrow  spread  of  ambient 
temperatures  is  obtained  or  on  which  a  linear  correspondence  exists  between  ambient 
temperature  and  accumulated  service  hours.  In  the  latter  case,  separation  of  the  effects 
of  the  two  variables  is  not  possible  although  a  nominal  lapse  rate  may  be  assumed.  In 
the  former  case,  either  a  nominal  lapse  rate  may  be  used,  or  the  ambient  temperature 
correction  may  be  neglected  altogether,  however  both  of  these  approaches  leave  the  fit 
liable  to  a  complete  breakdown  if  the  next  data  point  does  not  occur  at  the  required 
ambient  temperature . 

The  moat  desirable  approach  is  probably  a  combination  of  both  of  these  two.  On 
initial  engine  installation  an  attempt  can  be  made  to  obtain  a  range  of  ambient  data 
which  can  then  be  used  to  correct  subsequent  data  for  a  regression  against  time  in 
service  only.  Simultaneously  a  multivariable  regression  can  be  performed  against  both 
variables  which  will  be  adopted  when  statistical  analysis  indicates  that  its  accuracy  is 
superior  to  the  initial  approach.  This  two  tiered  approach  seems  to  combine  the 
advantages  of  both  methods  of  analysis  at  a  small  increase  in  mathematical  complexity, 
which  is  well  within  the  capacity  of  available  computing  equipment. 


Installed  Thrust  Monitoring 

The  data  presented  show  that  a  significant  potental  exists  for  using  the  regular 
monitoring  of  installed  static  engine  thrust  to  identify  deviations  from  normal  time 
trends  which  can  indicate  either  approaching  component  failure  or  an  inadequate  level  of 
performance.  Utilization  of  this  capability  will  require  regular,  routine  recording  of 
the  static  thrust  by  engine  health  diagnostic  equipment,  for  example  during  a  static 
engine  runup  prior  to  takeoff,  to  build  up  the  required  data  base.  Such  an  application 
will  also  provide  an  opportunity  for  cross  correlation  of  the  thrust  data  with  other 
available  engine  health  indicators,  thus  enhancing  the  efficiency  of  the  total  health 
monitoring  effort. 

The  discussion  herein  has  been  focussed  on  the  use  of  static  engine  thrust  because  of 
the  availability  of  static  data.  It  seems  very  likely  that  additional  information  would 
be  available  from  in  flight  data  which  could  be  recorded  by  an  onboard  engine  health 
monitor  which  was  equipped  to  measure  thrust.  The  capability  of  the  Thrust  Measurement 
System  to  measure  both  gross  and  net  thrusts  would  be  significant  in  such  an  application. 
Experience  with  the  X-29  thrust  measurement  has  shown  that  accurate  inflight  thrust  can 
be  obtained,  but  so  far  no  data  is  available  to  indicate  what  type  of  data  correlations 
could  be  obtained  to  aid  in  engine  health  monitoring.  This  data  would  be  relatively  easy 
to  obtain  as  an  additional  function  of  the  onboard  thrust  measurement  system  which  would 
be  used  to  monitor  engine  health  based  on  static  measurements. 


COWCLUSIOWS 


There  are  several  benefits  to  be  obtained  from  the  use  of  installed  thrust  as  an 
engine  health  parameter. 

Significant  installation  variations  exist  so  that  although  uninstalled  thrust  may  be 
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controlled  to  a  close  tolerance,  the  installed  thrust  spread  is  considerably  greater. 
Since  engine  degradation  rate  is  linked  to  the  initial  installed  thrust  level,  higher 
thrust  levels  result  in  sore  rapid  engine  degradation  and  should  therefore  be  avoided 
where  possible.  In  addition,  soae  Baintenance  actions  appear  to  result  in  a  rapid 
variation  of  installed  thrust  over  the  first  few  hours  of  operation.  This  could  result 
in  the  uninstalled  tria  setting  engine  performance  which  was  not  typical  of  that  obtained 
after  a  short  period  in  service.  Installed  trim  monitoring  would  detect  these  occurences 
for  possible  corrective  action. 

There  is  an  installed  thrust  level  below  which  engines  tend  to  be  removed  from 
service.  The  data  show  that  engines  which  have  a  rapid  rate  of  thrust  degradation  are 
generally  removed  at  an  early  time  whereas  those  having  lower  rates  may  remain  in  service 
for  a  prolonged  period.  Installed  thrust  monitoring  is  capable  of  determining  the  rate 
of  thrust  degradation  of  installed  engines  so  that  remaining  time  in  service  can  be 
predicted. 

Installed  measurement  of  thrust  is  available  with  the  technology  described  in  this 
report.  This  capability  can  be  utilized  either  as  a  ground  based  system  for  static  use 
or  as  part  of  an  onboard  engine  health  monitoring  system.  Further  work  is  required  to 
assesi*  the  ways  in  which  thrust  monitoring,  particularly  on  an  Inflight  basis,  can  be 
combined  with  the  other  engine  health  parameters  which  are  available  in  order  to  make  the 
most  efficient  use  of  this  capability. 
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DISCUSSION 

D.  DAVIDSON 

Your  syst«m  ia  very  sensitive  to  aaall  changes  in  engine  performance. 

You  have  talked  exclusively  about  the  time-dependant  degradation  without 
mentioning  the  very  important  Incident  related  degradation*  Looking 
at  your  history  plots,  at  least  one  of  them  could  be  interpreted  as 
indicating  a  step  change  in  performance  that  might  be  related  to  a 
single  incident.  Have  you  explored  this  at  all? 

Author's  Reply: 

1  agree  that  the  system  should  be  able  to  detect  incident  related  data. 
In  fact  we  found  a  number  of  data  records  which  suggested  that  incidents 
occurred.  Unfortunately  the  available  data  was  too  limited  to  show 
with  a  high  confidence  level  that  incidents  had  occurred. 

D.DOEL 

For  most  engines  the  thrust  lapse  rate  with  temperature  is  constant 
from  one  engine  to  another.  This  lapse  rate  could  be  obtained  from 
the  engine  manufacturer.  Why  not  use  this  rather  than  the  lapse  rate 
derived  from  the  data? 

Author's  Reply: 

In  the  case  that  the  lapse  rate  is  available  and  the  same  for  every 
engine  this  would  a  good  approach. 

For  the  engine  data  which  we  analysed,  there  were  significant  variations 
in  lapse  rates  between  engines. 

M.J.  SASPARD 

You  applied  linear  regression  to  EX?T,  I  detected  an  initial  decrease 
in  EGT,  perhaps  due  to  running  in,  before  a  gradual  rise  occurred. 

Have  you  tried  piecewise  continuous  techniques  or  higher  order  poly¬ 
nomial  curve  fitting  techniques,  so  that  such  characteristics  of  running 
in  are  more  readily  detected? 

Did  you  detect  the  effects  of  compressor  washing? 

Author's  Reply: 

Some  of  our  data  show  an  "initial  running  in"  type  change  In  engine 
performance.  Because  this  engine  is  controlled  to  constant  EX3T  at  mili¬ 
tary  power,  this  appears  as  a  thrust  change  rather  than  an  EGT  change. 

We  did  try  a  piecewise  regression  approach  but  found  that  for  short 
elapsed  time  period  the  inlerent  measured  errors  gave  results  with 
prohibitive  large  confidence  bands.  This  is  a  good  idea  but  would  need 
more  data  than  we  had  available.  We  did  not  try  higher  order  curve 
fitting,  this  would  require  more  data. 

We  did  not  have  any  data  to  examine  the  effects  of  compression  washing. 
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SOmiRt 

Traditional  vibration  nonitorlng  of  gaa  turbinee  haa  been  restricted  to  activation  of  alama 
from  overall  levels  and  shaft  orders.  Use  of  more  of  the  information  contained  in  the 
signal  could  iotprove  fault  coverage  and  diagnostics.  The  practical  problem  la  one  of  being 
able  to  model  the  vibration  of  an  engine  in  sufficient  detail.  Furthermore,  some  problems 
experienced  in  the  field  have  origins  that  no  designer  could  be  expected  to  predict,  eg 
oo^le  mlSDstch. 

Bow  therefore  are  we  to  proceed?  Any  practical  system  must  incorporate  an  evolutionary 
mechanism  that  feeds  skilled  field  operators  experience  to  a  computer  based  monitoring 
system.  This  la  baaed  on  the  machine  designers  knowledge  and  improves  its  performance  by 
this  feedback. 

Fortunately,  there  is  a  growing  body  of  technology  on  the  vibration  produced  by  gas  turbine 
engines,  both  to  do  with  its  interpretation  and  signal  processing  which  make  such  a  system 
feasible.  TWo  areas  of  application  are  dealt  with,  the  first  connected  with  engine  module 
roughness  disgnostics  and  the  secmid  wltli  fault  identification  of  individual  components  such 
as  msin  line  bearings  and  accessory  drive  gears.  For  both,  much  of  the  hardware  required 
to  gather  the  necessary  data  la  being  specified  and  constructed,  so  overcoming  a  major 
objection  to  furtherance  of  this  technology. 


I.O  IimtOOOCTION 

Aeroengine  end  helicopter  transmission  monitoring  systems  in  general,  and  the  vibration  aspects  of 
those  in  particular,  have  long  been  a  cause  of  touch  frustration  to  engineers  in  terms  of  false  alarm 
performance  and  falliire  to  detect  faults  that  ought  to  have  been  *obvioua*. 

Many  reaaona  for  this  can  be  given,  including  in  the  authors*  view  the  following.  First, 
affective  analysis  of  an  aaroanglne  or  tranamisalon  system's  vibration  aignal  requires  a  fairly  detailed 
understanding  of  the  slgnal'a  character-  iatics  in  terms  of  what  dominates  its  energy,  in  what  part  of  the 
spectrum  are  signs  of  the  important  faults  likely  to  appear  etc;  systems  in  the  past  have  included  very 
little,  if  any,  of  this  type  of  knowledge.  Secondly,  though  we  may  understand  how  the  signal  is 
constituted,  and  in  general  what  may  change  under  fault  conditions,  we  have  often  had  no  accurate 
knowledge  at  the  design  or  development  stage  of  either  the  magnitudes  or  inter-relationshipa  of  these 
changes,  vdilch  has  made  data  management  in  the  field  very  difficult. 

the  objectives  of  writing  this  paper  have  therefore  been  to  address  these  two  key  elements  of  the 
problem,  in  simple  terms,  (a)  the  selection  of  vibration  features  or  discriminants  able  to  maximiae 
fault  detection  efficiency,  and  (b)  the  techniques  of  ground  station  data  processing  required  to  turn 
speculative  design  choices  of  discriminants  into  valuable  maintenance  and  safety  monitoring  tools. 

The  concern  for  such  systems  is  neither  academic  nor  long  term.  At  this  moment  flight  systems  are 
being  constructed  around  the  principles  outlined  in  this  paper  for  aircraft  trials  around  the  4th  quarter 
of  1988.  Furthermore,  many  civil  helicopter  operators  anticipate  fitting  these  systems  in  the  1990-92 
time  frame  to  counter  what  many  see  as  the  unacceptable  high  accident  rate  of  helicopters  (Reference  [1]). 
Such  systems  have  archltecturea  of  the  type  shown  in  Figure  1,  with  an  aircraft  borne  computer  for  the 
production  of  carefully  discriminated  results  and  a  ground  station  for  the  integrated  processing  of  these 
that  rxins  the  most  aiodem  databasing  and  expert  system  technology  available. 


2.0  THB  OVBRALL  DATA  PROCESSING  SCHEME 

As  the  problem  being  addressed  is  primarily  one  of  data  logistics  It  makes  sense  to  look  first  at 
the  the  data  flow  diagram.  Figure  2. 


2.1  The  link  with  design 

The  starting  point  is  information  on  signal  discriminants  to  be  monitored,  based  largely  on  the 
recoamendationa  of  design  and  support  engineers  (Reference  (2]).  For  example,  should  the  engine 
incorporate  a  squeeze  film  bearing,  vibration  discriminants  indicative  of  loss  of  oil  from  that  component 
might  be  deemed  important  (see  for  instance  Section  3).  Equally  well,  should  the  gearbox  incorporate  a 
critical  gear  it  (tight  well  be  considered  important  to  monitor  the  vibration  discriminants  associated  with 
cracked  teeth  (sec  Section  A). 

A  key  feature  of  any  discriminant  is  the  separation  it  effects  between  faulty  and  normal  states, 
see  figure  3,  and  it  is  useful  if  it  accomplishes  this  in  a  generic  fashion,  so  enabling  exparlence  from 
one  aircraft  or  aircraft  type  to  be  read  across  to  another.  The  discriminent  must  be  related  to  some 
definable  method  or  algorithm  which  operates  on  ths  raw  signal  to  make  the  fault  anre  apparent.  This 
could  mean  anything  from  simple  filtering  (eg  to  extract  once~per-rev  vibration)  to  sophisticated 


Figurs.l .  Avionics  and  Ground  Station  Configuration  of  a  HUM  System. 


•trlpplnf  away  of  high  rotor  and  gaar  cooponenta  to  ravaal  low  laval  baarlng  apall  algnala.  flfura  3 
llluatrataa  thia  by  ahowin*  what  happana  In  the  caaa  of  gear  tooth  daauga  detection.  The  lower  left  hand 
diagram  (pre  dlacrlmlnant  analyala)  plota  the  rma  value  of  vibration  acceleration  agalnat  vibration 
velocity  (two  of  the  commoneat  parametera  used  by  the  aviation  Induatry  for  vibration  analyala),  whereaa 
the  lower  right  hand  diagram  plota  vibration  acceleration  agalnat  a  apeclal  purpoee  tooth  damage 
dlacrlmlnator  called  Ft144  (aee  Section  4).  The  ‘o’  pointa  indicate  ’no  feult  found  efter  atrip*  whereaa 
the  ’+•  pointa  Indicate  ’fault  found*.  Prior  to  dlacrlmlnant  analyala  they  heve  no  apatlal  aeparatlon, 
'^areaa  after  they  have.  Alao  the  *no  fault*  pointa  have  cluatered  along  a  fairly  narrow  vertical  line 
the  level  of  which  can  be  predicted. 


Flgure.2.  Data  Flow  Diagram  for  an  Advanced  HUM  System. 
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Flgure.3.  Discriminator  Action  that  separates  "Fault* 
from  'No  Fault"  Data. 

of  signalling  failures  that  could  cause  the  aircraft 
defined  as  those  that  do  not  satisfy  these  criteria. 


2.2  On  board  tbo  aircraft 

The  second  step  is  generation  of  results 
on  board  the  aircraft.  it  is  assuned  that  the 
aircraft  will  have  fitted  to  it  a  reasonably 
powerful  signal  processor,  possibly  as  part  of 
an  integrated  avionics  or  mission  equipment 
pac^ge.  This  would  produce  results  of 
basically  two  kinds: 

1  Data  critical  to  aircraft  safety  in  the 
short  term,  called  Safety  Data- 

2  Data  relevant  to  safety  in  the  long  term, 
or  maintenance  planning.  called 
Supplementary  Data. 

There  is  no  rigid  rule  that  places  a 
result  into  one  group  or  another.  Generally 
speaking,  Safety  results  are  those  that  are 
readily  computed,  statistically  stable  under  a 
wide  range  of  operating  conditions  and  capable 
to  crash.  Supplementary  results  can  therefore  be 


.“f  chaise  't. 

and  the  alarm“c4ut■bl^°i^t^.‘!;^cr^£^«n"^^ant“^ 


The  SAFETY  Parametef  :  Sma«.  low  vakia,  "No  Fauir  range. 

Smal  yariance  on  "No  Faur  values. 
'Fau«  Range"  >»  Tto  FauC  range. 


Tne  SUPPLEMENTARY  Parameter  :  "No  Faur  range  Meiemilnate  unu  macNne 
IsbuilandteMd. 

"Faull  Range'  hdeMnninMe  unH  IMkires 
observed. 

Variance  ol  -No  FauT  vabes  «  Faut  Range. 
ResuSs  from  savam  djacrknlraion  comUnabie 
via  an  Expen  Sirttam. 


Rgure.4.  Safety  versus  Supplementary  Parameters. 
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Thft  suppitmantary  parnatar  can  howavar  ba  such  different.  Zt  does  not  flutter  fundamentally 
vduthar  or  not  the  level  under  fault  conditions  ia  above  or  below  the  *no  fault*  one  -  the  (round  station 
can  sort  out  each  trends  based  on  the  analysis  of  actual  *fault'  and  *no  fault*  data,  see  Section  S. 
Suppleokantary  results  msy  therefore  take  on  alokost  any  level  so  long  as  the  statistical  spread  (eg  four 
standard  deviations  from  the  mean)  of  *no  fault*  data  covers  a  reasonably  small  fraction  of  the  possible 
measurement  range  and  is  significantly  different  from  the  spread  under  *fsult*  conditions.  Fvirthermore, 
s^pXementsry  results  may  be  combined  logically  through  an  expert  system  to  produce  derived  results,  eg: 

If  Result  1  is  high 

&  result  2  is  low 

k  result  3  is  high  then  Result  4  is  high. 

If  Result  4  la  high  then  create  an  alarm. 

which  is  something  that  we  might  not  be  quite  so  willing  to  allow  for  the  more  critical  safety  results. 

Obviously  it  is  it^ortenc  thst  the  Safety  Deta  be  totelly  free  of  false  elems  and  amenable  to 
simple  thresholding.  Supplementary  Deta  on  the  other  hand  would  almost  by  definition  never  be  used  in  the 
air,  and  so  could  therefora  be  used  to  generate  coa^lex,  derivative  alarms  on  the  ground  to  do  with  long 
terms  trends  of  engine  performance,  as  deecrlbed  later  In  Section  S. 


2.3  Th«  ground  station 

The  third  step  is  grotmd  etstion  processing  prliasrlly  of  the  Supplementary  Data.  The  important 
feature  here  ia  the  making  of  connections  between  machinery  atrip  reports  and  ths  suppleaientary  data. 
Bear  in  mind  thst  decisions  to  ineluds  oesauremsnt  of  s  certain  characteristic  in  the  aupplementery  group 
may  have  been  taken  on  relatively  flimsy  grounds,  for  example,  because  on  previous  generations  of 
aircraft  It  had  proved  useful.  A  main  purpose  of  ground  station  processing  Is  therefore  to  gather  enough 
evidence  to  substantiate  the  speculative  selection  of  the  parameter  and  set  its  alarms  to  the  moet 
efficient  level.  Thla  third  etep  therefore  involves  significant  database  and  rule  generating  activities. 

It  ia  vitally  Important  that  the  system  be  seen  ss  a  whole  rather  then  as  e  collection  of  parts. 
Nowhere  is  this  more  is^ortant  than  in  the  groxind  ecation  and  the  processing  of  supplementary  deta,  vd\ich 
depends  on  being  able  to  consider  long  term  trends  of  data  in  relation  to  accurate  srrlp  inlormation. 
Herein  however  lies  s  major  problem  with  systems  of  this  type,  namely  the  importance  of  skilled 
engineering  analysis  of  engines  or  transmissions  returning  for  maintenance. 

It  Is  the  authors*  experience  thst  scciurate  strip  deta  in  service  is  difficult  to  acquire.  For 
whatever  reason  this  may  have  been  true  in  the  past,  remedying  this  loss  of  knowledge  must  have  high 
priority  for  the  future. 


3.0  AKBOSIIGINS  WmiOtlRC  TRCH1I01.06X 

The  interpretation  of  faults  in  gas  turbines  using  vibration  sensors  has  had  a  chequered  history. 
In  the  period  1960-75  vibration  monitoring  got  a  bad  name  because  nruch  was  claimed  but  what  was  achieved 
was  blighted  by  a  large  number  of  false  alarms.  Part  of  the  problem  ley  with  sensor  and  system 
unreliability.  It  goes  without  saying  that  the  need  to  check  sensor  and  system  integrity  must  have  an 
important  place  in  any  syston.  More  to  the  point  for  this  paper  was  the  lack  of  knowledge  of  suitable 
diagnostic  tests  to  be  applied  to  the  sensor  data  produced.  Since  that  tiisc  considerable  progress  has 
been  made  and  vibration  has  an  important  part  to  play  in  aeroengine  monitoring  technology,  albeit  in 
parallel  with  other  technlquee  like  the  "Electrostatic  Gas  Path  Monitoring  Technology"  described  by  C 
Fisher  of  Stewart  Hughes  Limited  in  Rmference  (4]. 


Knowledge  of  idiet  and  where  to  ntonltor  is  obtained  from  a  variety  of  sources.  The  designer  in  his 
work  to  ensure  that  the  engine  will  not  fail  within  the  operational  envelope  considers  the  various 
failures  that  could  occur.  In  most  cases  matheaaticsl  modelling  is  utilised,  the  output  from  which  could 
be  interpreted  to  provide  diagnostic  techniques.  Engine  tests  are  another  fruitful  source  of  information. 
_  For  example,  the  data  which  shows  an  engine  operating 

■correctly  provides  the  datum  from  which  faulty  engines 

depart.  For  human  identification  of  faults  the  method  of 
presentation  is  very  important.  The  wealth  of 
irforiDation  contained  in  e  ZMOD,  Cas^bell  or  waterfall 
plot  enables  a  skilled  observer  to  identify  a  wide  range 
of  faults  by  comparing  the  actual  with  the  ideal.  A  plot 
for  an  engine  is  shown  in  Figure  5.  The  facility  of  the 
human  observer  to  make  a  rapid  vlsiisl  scan  and  identify 
differences  allows  unusual  features  to  be  detected  even 
though  at  that  time  it  is  not  possible  to  associate  these 
features  with  e  particular  engine  condition.  The  ability 
to  translate  this  featiire  or  'picture*  information  to  a 
database  for  field  use  is  under  development.  The 
correlation  %;ith  faults  requires  fault  date.  The 
problems  of  acquiring  accurate  strip  data  mentioned  in 
2.3  apply. 

While  aasociation  of  signatxire  change  with  fault  is  s 
useful  step,  behind  all  good  diagnostics  there  must  be  s 
body  of  scientific  knowledge  tdiich  relates  the  diagnostic 


Figur«.5.  A  Typkari  Gas  Turbine  *2-Modulu^  Ptot 


to  the  fault  throu^  the  laws  of  physics.  It  would  be 
nice  to  think  that  this  relationship  could  rlw.^.ys  be 
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•xprM8«d  ia  quantltativ*  ttrma.  fio%MV«r» 
often  the  Becheniaa  le  deer  but  the 
■odellins  ie  far  too  eooplex  to  Justify  the 
effort  involved.  In  this  case  a  qualitative 
connection  between  the  two  aust  suffice. 
However*  such  a  qualitative  understanding  is 
one  idiich  is  of  enomous  value  in  confidence 
building  in  the  diagnostics.  One  way  to 
build  this  confidence  is  to  establish 
techniques  using  scaled  rig  tests  which 
siaulate  parts  of  the  gas  turbine.  To 
Illustrate  the  value  of  this  approach  an 
exaiBple  ^ere  a  rig  Illustrated  clearly  how 
confusion  night  arise  between  two  well  knovm 
faults  is  given.  k  further  exanple 
Illustrates  a  fault  which  gave  what  at  first 
sight  was  a  surprising  result.  The  relation 
between  the  rig  and  full  scale  engine  is 
relatively  easy  to  eatabliah  in  theae  cases. 


3.1  The  application  of  siavle  dK>delling  to 

fault  detemination 

In  nodular  engines  the  problen  of 
determining  which  nodule  nay  have  a  fault  is 
of  crucial  importance  if  the  full  economic 
benefit  of  thia  type  of  design  is  to  be 
realised.  Two  of  the  most  common  faults  are 
out  of  balance  end  misalignment  between 
modules. 

For  the  vibration  analyst,  one 
problem  with  the  modem  gas  turbine  is  that 
its  rotor  system  incorporates  non  linear 
elements,  in  particular  squeeze  film  dampers. 

However,  it  is  clearly  an  advantage  if  a 
linear  model  could  be  used  aa  this  simplifies 
computational  requirements.  As  part  of  a 
large  scale  programme  to  develop  second 
generation  vibration  diagnostics  for  turbine 
engines,  Stewart  Hughes  Ltd  were  funded  by 
the  Miniatry  of  Defence  and  Rolls  Royce  Limited  to  build  and  run  the  experimental  rig  shown  in  Figure  6. 
The  rig  was  run  in  the  various  configurations  shown.  An  important  purpose  of  the  rig  was  to  test  certain 
design  hypotheses  about  faulty  squeeze  films  and  misaligned  rotors.  Dynamic  scaling  of  important 
parameters  for  the  rig  was  maintained. 

How  far  can  linear  system  techniques  be  applied?  To  assess  the  linearity  of  the  rig  the  influence 
coefficient  response  technique  was  used.  Out  of  balance  weights  were  seeded  at  various  planes  in  the 
rotor  and  the  influence  coefficients  for  the  accelerometers  at  the  positions  indicated  determined.  It 
will  be  noted  that  the  rig  in  Figure  6  (configuration  2)  contained  a  squeeze  film  bearing  and  thia  was 
exercised  by  the  magnitudes  of  the  out  of  balance  fitted.  As  an  indication  of  the  value  of  the  linear 
model  the  results  for  two  out  of  balance  weights  of  20g  and  28. 3g  respectively  were  obtained.  The  relative 
response  levels  for  these  two  out  of  balance  figures  should  be  1.^1  and  thia  is  approximately  the  case  in 
Figure  7  over  the  run  up  speed  range.  To  ensure  that  the  squeeze  film  bearing  was  fully  exercised  the  out 
of  balance  was  Increased  to  L8.3g,  a  ratio  of  2.tl  relative  to  the  20g.  Again  Figure  7  shows  that  the 
response  was  acceptably  good.  One  may  therefore  use  the  assumption  of  linearity  with  care. 

The  application  of  thia  technology  to  simultaneous  determination  of  out  of  balance  mass  In  more 
than  one  plane  has  been  demonstrated  on  the  rig.  Detection  of  a  mass  out  of  balance  in  plane  A  and 
another  one  in  plane  D  simultaneously  ia  shown  in  Figure  6.  It  will  be  noted  that  the  discrimination  is 
not  uniformly  good  through  the  whole  of  the  rig  acceleration.  Thia  is  associated  with  the  modes  of  the 
rig.  It  Is  necessary  to  choose  the  speed  range  where  the  response  is  assessed  relative  to  the  modes  which 
are  being  exercised  during  the  acceleration.  In  the  case  of  this  rig  it  was  a  relatively  simple 
situation,  but  for  the  more  complex  gas  turbine  the  choice  may  not  be  as  obvious.  In  that  case  further 
expertise  muat  be  added,  for  example  from  the  designers  calculations,  in  order  to  get  the  most  accurate 
estimate  of  the  out  of  balance  and  its  location. 

Out  of  balance  ia  a  well  understood  phenomenon  although  the  technology  used  here  is  not  currently 
in  widespread  uae.  Shaft  misalignment  can  also  be  modelled  when  squeeze  film  bearings  are  used. 
Combination  of  the  two  models  leads  to  an  Interesting  conclusion.  Consider  the  case  where  the 
misalignment  of  the  shafts  causes  the  squeeze  film  bearing  to  act  as  e  cam  and  therefore  to  produce  a 
force  of  constant  amplitude  that  rotates  with  the  rotor.  The  amplitude  of  this  force  is  related  to  the 
misalignment  and  the  effective  stiffness  of  the  system  which  is  resisting  the  motion.  The  resulting 
vibration  frequency  is  equal  to  the  shaft  rotational  frequency.  For  misalignment  and  out  of  balance 
together  the  result  Is  the  addition  of  an  out  of  balance  vector  vdiich  increases  at  shaft  speed  squared  and 
a  speed  Independent  vector  for  the  misalignment.  The  response  generated  during  an  acceleration  will 
dapend  on  the  phase  between  the  out  of  balance  and  the  misalignment.  To  illustrate  this  consider  the 
response  when  the  out  cf  balance  is  diametrically  opposite  to  the  cam  effect.  At  very  low  speeds  the  cam 
effect  will  dominate  because  the  term  of  the  out  of  balance  will  be  extremely  small.  However,  as 
shaft  speed  Increases  the  magnitude  of  the  out  of  balance  force  increases  rapidly  and  at  some  shaft  speed 
the  two  will  become  equal  but  opposite.  Above  this  shaft  speed  the  out  of  balance  will  be  the  dominant 
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Figurs.6.  Layout  of  Scaled  Simplified  Gas  Turbine  Demonstrator. 
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lUTlO  OF  IR  VERTICAL  ACCN  MODUU  WITH 
212t  CMS  IN  PLANE  D  TO  THOSE  WTTH  ONLY 


•ff«ct  and  th«r«for«  the  force  will  eppeax  to  have 
chanted  in  phaae  through  180* .  Ihia  cancellation 
effect  can  occur  at  any  abaft  speed  being  a  function  of 
the  cam  effect  and  the  maaa  out  of  balance  only.  In 
thia  reapect  it  ia  different  to  an  anci-rea<mance  which 
can  only  occur  between  two  natural  frequenciea.  The 
phaae  change  due  to  a  change  in  net  force  ia  extremely 
abrupt.  Illuatrationa  of  thia  effect  are  ahown  in 
Pigurea  9  and  10.  Prom  the  plota  of  phaae,  figure  9(a) 
shows  the  cancellation  with  20  grma  008  to  occur  at  5L 
Hr,  idiereaa  figure  9(b)  with  an  equivalent  48  grma  OOB 
the  cancellation  apeed  haa  reduced  to  40  Ha.  Thia 
effect  can  alao  be  aeen  clearly  if  Log  aeplitude  ia 
plotted  -  figure  10.  the  algorithm  tdiich  waa  developed 
and  illustrated  for  determining  location  of  out  of 
balance  haa  bean  extended  to  Include  the  effect  of 
mlaalignment  end  to  detect  the  magnitude  and  position 
of  the  misalignment  in  a  vary  almilar  way. 


(b)  RATIO  OF  IR  HOtUZONTAL  ACCN  MOOUU 

WITH  4121 GMS  IN  PLANE  D  TO  THOSE  Wrm 
ONLY  20  CMS  IN  PLANE  D. 


SHAFT  SPEED  Hz 


In  the  cases  given  above,  the  intelligent  use  of 
a  linear  modal  coupled  with  selective  interpretation  of 
the  results  baaed  on  a  good  understanding  of  the  design 
of  the  system  haa  enabled  valuable  diagnosis  to  be  made. 


3.2  Oil  starvation  of  a  aqueeae  film 

The  majority  of  aeroengines  employ  aqueeae  film 
dampera  placed  between  the  outer  race  of  the  bearing 
and  tha  casing  to  limit  the  vibration  caused  by 
out-’of-balance,  especially  in  blade'*off  situations. 
These  devices  ara  intricate  mechanisms  that  depend  on 
careful  control  of  axial  and  diametral  clearance  as 
well  as  a  supply  of  new  oil  to  replenish  that  lost 
through  clearances.  k  badly  set  up  squeeze  film  can 
have  dramatic  affects  on  engine  vibration.  We  are 
therefore  acutely  Interested  in  the  vibration 
characteristics  of  good  versus  faulty  squeeze  films. 
One  fault  ia  oil  starvation  either  throvtgh  excessive 
clearance  or  low  supply  pressure. 


Rgure.7.  Results  from  Linear  Modelling  of  Out 
of  Balance  Effect  with  Squeeze  Rim 
Damper  operating. 

On  the  rig  ahown  in  Figure  6  (v4iich  simulates  as 
accurately  as  possible  the  main  shaft  of  an  aeroengine)  the 
oil  supply  to  the  deader  can  be  varied  from  0-60  Iba/sq 
ins.  In  order  to  teat  tha  behaviour  of  the  squeeze  film 
dampers  under  various  applied  pressures  a  single  level  of 
out  of  balance  waa  seeded  in  the  rig  and  a  particular  axial 
clearance  in  the  bearing  chosen.  The  rig  waa  then 
accelerated  from  rest  to  running  speed  and  the  acceleration 
on  the  squeeze  film  housing  measured  in  both  the  horizontal 
and  vertical  directions.  The  teat  waa  then  repeated  at  a 
variety  of  atq>ply  pressures. 


(•)  ErriHATC  OP  OUT  OP  BAUNCS  IN  PLANE  D  ODCiMil) 


Excluding  the  case  vdiere  the  oil  la  switched  off  the 
response  found  waa  effectively  independent  of  the  supply 
pressure.  This  shows  that  the  squeeze  film  damper  ia  a 
genuina  hydrodynamic  device,  the  forces  generated  by  the 
damper  being  independent  of  the  etatic  oil  pressure.  When 
the  oil  ia  switched  off  it  will  be  noticed  in  Figure  II 
(which  ia  a  znOD  not  plotted  in  the  conventional  way 
against  engine  apeed,  but  simply  against  time)  that  there 
la  a  change  In  the  overall  pattern.  The  first  is  that  the 
IR  response  decreases,  «diich  waa  an  unexpected  result. 
The  second  ia  that  the  half  order  components  on  the  rig 
start  to  appear,  iR,  liR  etc  can  be  seen.  The  appearance 
of  i  orders  waa  alao  noted  when  very  low  viscosity  oil  was 
used  In  a  separate  experiment,  indicating  that  the  origin 
of  the  i  orders  is  insufficient  damping. 

The  definitive  characteristic  in  this  case  ia 
therefore  the  half-R  components  in  the  signal  from  either 
the  casing  mounted  accelerometer  or  pressure  transducer  in 
the  feed  or  drain  lines  to  the  du^er.  The  ZNOD  plot 
itself  does  not  of  course  have  to  be  used  -  it  is  merely  a 
powerful  laboratory  tool.  What  probably  does  have  to  be 
measured  however  la  the  vibration  of  the  engine  under 
run-up  conditions,  which  la  relatively  assy  given  digital 
signal  processing  hardware  within  the  avionics  kit. 
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(«)  ESnMATEOFOUTOFBAlANCEaiPLAimA  (KOaM) 


Rgure.8.  Use  of  Linear  Model  to  predict 
Two  Out  of  Balance  Masses. 
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3.3  OtlMx'  t«ehnigaa« 

far  aa  tha  aaroanfixia  la  cmeamad,  vibration 
analyala  la  probably  of  laaaar  lnq)ortanca  than  aithar 
parfomanca  or  dabrla  analyala.  Navarthalaaa,  tha 
prlnclplea  expounded  hare  about  aelactlng  tha  moat 
appropriate  characterlatlc  to  maaaura  apply  equally  well 
to  thoaa.  The  lateat  techniquaa  of  oil  supply  debris 
analysis,  faa  path  debris  analysis  (Eafaraoea  [4])  ai^ 
perforoance  analyala  reflect  this  well. 


4.0  HBCIUHICAL  TSANSHISSIOM  SYSTIH  HOMITORIIIG 

The  use  of  transaissions  In  aeroengines  is 
associated  with  turbo-props  and  with  auxiliary  drives  in 
aircraft.  In  the  case  of  helicopters  the  engine  and 
tranamlsaion  are  seen  aa  an  overall  package.  Due  to  the 
high  integrity  of  helicopter  transmission  systems  they 
have  been  the  subject  of  intensive  study  in  the  DK. 
Currently,  two  major  competing  monitoring  systems  are 
under  development  and  about  to  enter  trials  with  North 
Sea  operators,  sponsored  by  the  Civil  Aviation 
Authority  (CAA). 

The  key  elements  of  a  transmission  system  are 
generally  the  gears,  bearings  and  shafts.  Stewart 
Hughes  Limited  has  played  an  important  role  in  the 
development  of  monitoring  technologies  for  these,  both 
from  technique  and  avionic  hardware  points  of  view. 

Taking  the  gear  as  an  example,  the 
^characterisation*  technology  about  to  implemented  in 
North  Sea  targeted  systems  has  as  its  foundation 
something  called  the  FM  ntimber  vector.  This  is  a  group 
of  closely  inter-related  parameters  derived  from 


(a)  U  THOU  MBAUBOe/r  •  X  GKAMS  W  D7 


xm>  M>a>  ttxo  xso  loooo 
SHAFT  SPEED  Hx 


(b)  IJ  THOU  MBAUCMMENT-X  CRAMS  IN  Oi  DTDS 
-4SG1tAI.ISINm 


3BRG  IS/FEM  HORIZ  ACCEL  ON 
S/FILM  IRMOD  THOU  CAM 
20  GRAMS  IN  D7 


SHAFT  SPEED  Hz 

3  BRG  1  S/FXLM  HORIZ  ACCEL  ON 
5/FILM  IR  MOD  1 J  THOU  CAM 
20ORAMSIND6  D7  D8 


X.OO-1.—  _ _ _ 

-  - 

m.flOL . 

■  / 

V 

r 

V 

/ 

X.0GL  . 

^ _ /  : 

X.OO  «o.oi) 

6U» 

BX  1 

SHAFT  SPEED  Hz 


Figure.  1 0.  Shaft  Speed  for  cancellation  of  Out 
of  Balance  and  Squeeze  Film  Bearing 
Cam  Misalignment,  Indicated  by 
Amplitude. 
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Rgure.9.  Shaft  Speed  lor  Cancellation  of  Out 
of  Balance  and  Squeeze  BIm  Bearing 
Cam  Misal'ignmem,  indicated  by  Phase 
Change. 


analysis  of  the  gear's  signal  or  aynchronoua  average 
(Inference  {5J).  The  elements  of  the  'vector*  are  as  shown 
in  Figure  12. 

The  system  was  designed  with  two  important  criteria 
in  mind.  First,  vibration  monitoring  of  gearing  la  greatly 
complicated  by  the  fact  that  the  components  of  the 
vibration  signal  that  indicate  faults  are  not  those  that 
dominate  its  energy  -  the  simple  measurement  of  energy  (eg 
in  the  way  that  the  aeroengine  industry  currently  does  it 
for  engines)  is  therefore  almost  certainly  doomed  to 
failure.  Secondly,  the  vibration  sensor  can  almost  never 
be  optimally  positioned  on  the  gearcase  for  all  gears,  so 
that  there  is  generally  a  high  degree  of  uncertainty  in  the 
early  stages  of  monitoring  as  to  viiich  nxuBbers  will  be  most 
effective.  This  is  particularly  true  of  epicycllc  systems. 
The  situation  is  somewhat  analogous  to  FM  radio  reception 
vdiere  reception  techniques  able  to  handle  a  diversity  of 
possible  reception  paths  are  in  cooDon  use.  The  equivalent 
'diversity’  of  the  FM  system  comes,  for  example,  from 
having  a  variety  of  detectors  able  to  sense  localised  tooth 
damage  (FM2A,  FM4A,  FM5A,  FM6A  etc)  and  gear  or  gearcase 
structural  failure  (probably  the  commonest  cause  of 
catastrophic  fsilure). 

An  important  discriminant  for  the  FM  number  system 
is  the  so-called  ’surface  noise*  of  the  gear.  This  may  be 
derived  either  from  the  amplitude  or  phase  part  of  the 
signal  average  in  an  attempt  to  remove  from  the  signal 
average  all  components  related  to  ’normal  meahlng  action*. 
The  normal  ccxaponent  most  often  seen  In  the  spectrum  of 
gear  vibration  la  that  of  the  meshing  frequency  end  its 
harmonica.  It  la  not  uncoonon  for  thia  to  be  100  tlaea 
greater  than  coi^onents  due  to  localised  tooth  deuge  (eg 
spalling,  root  bending  fatigue),  and  aeldom  Is  it  less  than 
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Figure.  1 1  (a).  Variation  of  1/Rev  Ampftueie  following  Oil 
Starvation  of  Squeeze  Film  Bearing. 


10  tiM«  Ttui  cbaractaritatlon  algoritkas 
in  this  cMt  la  known  aa  a  *da-corr«lator*  which 
affactivaly  rasovaa  iron  tha  aisnal  avaras*  all 
eo^onanta  that  ara  corralatad  ovar  nora  than 
thraa  taath.  Thia  alwaya  ineludaa  tha  naahina 
fraquancy  cooponanta. 

Aa  actiial  axanpla  of  what  good 
eharaetarlaatioo  can  do  for  tha  nonltoring 
ayatan  waa  ahown  in  Flgura  S.  Ihia  accxially 
praaantad  a  coaipariaon  of  vibration  valoclty 
againat  FH4A  for  a  tha  main  rotor  driva  gaar 
tooth  banding  fatlgua  failura,  with  tha  purpoaa 
of  daftonatrating  tha  auch  widar  aaparation  of 
*fault*  froa  *no  fault*  valuaa  Bada  poaaibla  by 
good  choica  of  dlacriad.natora .  Bacauaa  of  ita 
ia^raaalva  diacrlainating  propartiaa  Ff14A  haa 
baan  aalactad  by  aavaral  halicoptar 
nanufacturara  aa  a  Safacy  paranatar. 

A  good  axa^la  of  a  aupplaiaantary  raault 
ia  MPl  in  tha  tabla  above.  Thia  la  in  fact  the 
ratio  of  energy  at  two  fraquanciaa  in  the 
apectma  of  tha  average  and  la  thua  auacaptible 
to  caaing  tranaaiaaion  affecta.  It  therefore 
haa  a  vary  large  range  of  poaaible  valuea,  and 
for  thia  and  other  raaaona  Ita  Baaauramant 
variance  may  be  high,  ao  dictating  the 
iaiposition  of  strict  teat  condltiona  (ie  flight 
regiae.  gearbox  rotational  apaed).  Whan 
sensibly  applied,  however,  it  can  be  very 
uaefuX  aa  a  naasuraaent  of  gear  profile  wear  and 
other  aasaffibly  faults  that  can  afflict  the  mesh. 

In  spite  of  tha  sophlsticetion  of  the 
snelyels  iidtich  has  greatly  aiaplified  the  aignal 
interpretation,  there  is  still  the  need  for 
expert  guidance  in  relating  the  output  of  the 
peremeters  of  Flgurm  12  to  the  faulta. 


5.0  THt  OatOmD  STATION 


As  far  aa  the  technicien  operetor  is 

FiQure.11  (b).  Principal  Changes  In  Frequency  Components  th*  eo^ent  of  th«  lyscai  i> 

totovnrw  Oil  Starvation  ol^eeze  Film  Beartrig.  '>•  *'•“»«'  for  it  i,  here 

that  any  economic  advantage,  exclusive  of 
improved  safety,  is  likely  to  be  genereted. 

Ground  station  technology  has  a  fairly  long  history  of  dsvelopment.  Among  the  first  waa  a  system 
developed  for  the  GS  Airforce  cell  Hims  <Smf«reoem  (5])  wrtiich  wee  bated  on  a  DEC  11/70  aiini  computer  and 
a  relatively  alible  hierarchical  databaee.  Between  that  tiaw  and  now  at  leaet  one  generation  of  equipment 
haa  paaaed  and  the  system  currently  being  developed  by  the  authors*  co^eny  uses  a  *-306  baaed  PC  along 
with  a  ralatlonal  database  and  a  variety  of  Al  tools,  including  a  pm^rful  data  claaalfiar. 


5.1  The  application  of  elaaaifier  tmctaaol^y 

Much  haa  been  written  on  claaeifler 
technology  but  the  application  to  reel 
engineering  problems  is  still  in  its  infancy. 
Stewart  Hughes  are  actively  using  classifier 
technology  for  the  following  reseona. 

The  power  of  this  approach  lies  in  the 
exploitation  of  the  complementary  capabilities  of 
the  engineer  and  computer.  The  relevant  akills 
are  described  in  Figure  13. 

Rather  than  dealing  with  the  complex 
problem  of  representing  background  engineering 
knowledge,  or  leaving  the  burden  of  conaiatency 
checking  with  the  engineer,  our  approach  aims  to 
integrate  tha  good  capabilities  of  both  actors  to 
irield  a  ayetam  i^ae  performance  ia  superior  to 
either  individual  capability.  The  husmn-cooputer 
interaction  places  s  heavy  responsibility  on  the 
quality  of  the  interface  between  them. 

The  problem  of  constructing  s  fault 
diagnosis  system  can  be  split  up  into  three 

phases  t 
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(i)  TranAforoirtf  th*  incoi&ing  data  into  a  rcpraaentation  appropriate  to  the  problem.  Thia  is  done  by 
devl8ix\s  discrlstl&atora  and  applying  them  to  the  data; 

(ii)  Aaaociating  the  tranaforaed  data  with  the  faults  which  need  to  be  detected,  and  constructing  a 
mapping  between  the  two; 

(iii)  Analysing  the  devised  mapping  by  comparing  its  performance  with  previous  known  cases,  and 
considering  its  'physical  reasonableness*. 


From  a  knowledge  engineering  point  of 
view,  the  characteristics  of  the  problem  are  as 
follows : 

(i)  A  large  part  of  the  knowledge  is 
encapsulated  in  the  choice  of 
discriminators  (eg  the  FM  discriminator 
for  gear  work) 

(ii)  Knowledge  of  the  relationship  between 
di«t.rifflinators  and  faults  is  very  scarce; 

(iii)  Large  (>I00K)  quantities  of  data  can  be 
involved.  Thia  data  can  be  noisy  and 
incomplete.  Much  knowledge  lies  burled 
in  this  data. 


These  characteristics  have  a  direct 
impact  on  the  type  of  fault  detection  system 

that  would  be  useful  for  the  monitorin*  problem.  Figure.13.  Skills  in  fault  diagnosis  tasks  and  their  distribution 

Devising  a  set  of  useful  discriminators  is  the  key  to  success  in  the  construction  of  a  fault 
detection  system.  Different  problems  require  different  discriminators.  This  has  been  illustrated  in  the 
early  part  of  this  paper.  Currently,  knowledge  of  which  techniques  to  apply  where  is  the  province  of  the 
(signs!  processing)  engineer.  In  constructing  a  set  of  discriminators,  the  engineer  may  engage  in  three 
taska : 

(i)  Devising  a  new  discriminator.  This  may  be  termed  a  research  activity  and  would  need  to  be 
performed  if  no  existing  discriminators  were  suitable; 

(ii)  Selecting  a  discriminator  from  s  ’library*  of  available  techniques.  This  would  be  done  on  the 
basis  of  the  perceived  usefulness  of  the  discriminator  to  the  task  in  hand; 

(iii)  Assessing  the  actual  usefulness  of  s  discriminator  when  applied  to  the  current  problem.  The 
criteria  of  usefulness  would  be  defined  by  the  nature  of  the  problem  and  might  include  such  factors 
as  computational  speed,  accuracy,  reliability,  etc.  It  is  important  to  note  that  the  usefulness 
of  each  discriminator  is  dependent  on  which  others  are  used.  If,  for  instance,  two  discrlminstors 
performed  an  equivalent  task,  one  of  them  would  be  redundant. 

The  flrat  two  of  these  tasks  are  exceptionally  difficult  from  a  computational  point  of  view,  ea 
they  Involve  a  substantial  amount  of  engineering  background  and  intuition.  The  third  task,  that  of 
assessing  the  selected  discriminators,  is  to  some  extent  a  purely  algorithmic  procedure,  and  can 
therefore  be  performed  by  the  classifier  system.  In  this  respect,  the  classifier  acts  as  a  ’hypothesis 
tester*.  The  engineer  proposes  chat  the  discriminators  chosen  are  useful  for  the  fsult  diagnosis  task, 
and  the  classifier  is  used  to  determine  v^iether,  and  to  ^at  extent,  this  is  true. 

One  of  the  simplest  representations  that  can  be  used  is  that  of  the  fault  tree.  Fault  trees 
provide  an  efficient  means  of  mapping  between  discriminator  values  and  faults  by  using  the  equivalence  and 
conjunction  operators.  More  sophistlcsted  representations  include  propositional  logic,  first  order 
predicate  logic  and  extensions  thereof.  Ideally,  the  representation  chosen  should  be  the  simplest  one 
which  is  adequate  for  the  problem.  The  classifier  can  be  constrained  to  use  simpler  representation  when 
required. 

The  classifier  performs  s  search  of  the  chosen  mapping  space,  driven  by  specific  exajcples,  hints, 
problems  specific  constraints  and  general  heuristics,  and  produces  a  mapping  consistent  with  what  it  has 
been  told.  This  mapping  then  needs  to  be  tested  to  assess  its  usefulness. 

As  sn  axtf^le  of  how  all  these  ideas  are  implemented  In  practice,  consider  the  problos  of  reducing 
the  incidence  of  falee  elerms  in  s  aiulti-eensor  monitoring  system.  The  diagnosis  problem  is  that  of 
deciding  (diether  an  elsrm  (or  set  of  alarms)  is  fslse  or  genuine.  A  detebese  is  available  of  cases  when 
the  elerma  were  justified,  and  cases  where  they  were  not. 

In  this  esse,  the  engineer  may  start  by  choosing  s  simple  representation  formation,  such  aa 
attribute-value  pairs.  (Similar  to  Michalski's  VL,  logic).  An  obvious  set  of  discriminators  to  start  with 
%iould  be  the  individual  alarms  thesiselves.  Eech^  discriminator  ^•eds  a  domain  to  be  defined  for  it.  In 
the  case  of  the  elerms,  this  may  be  e  simple  boolean  (elerm-on,  alarm-off)  or  an  extended  one  (alarm-off, 
alarm-warning,  alarm-serious).  There  may  be  eonstrainte  on  the  discrlminatore,  eg  some  may  be  mutually 
exclusive,  end  some  relationships  may  already  be  known. 

For  this  simple  representation  formation,  the  general  heuristic  of  minimising  entropy,  as  used  in 
the  ID3  algorithm  (Quinlan)  le  particularly  appropriate.  Applying  this  technique  to  the  specified 
diecriminators ,  %du>ee  values  are  extracted  from  the  datebeae,  reeulte  in  a  fault  tree.  This  fault  tree 
la  then  applied  to  examples  not  used  in  its  creeti<m«  to  eases#  its  predictive  reliability.  Other  quality 
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crit«rla  ^ich  nay  be  of  relevance  are  number  of 
leaves,  number  of  discriminators  used  and  the 
size  of  the  tree  relative  to  the  size  of  the 
training  set. 

Such  trees  are  represented  graphically  in 
a  window  based  environment,  so  large  trees  can 
be  viewed  by  scrolling  about,  Figure  14.  The 
benefit  of  this  explicit  representation  is  chat 
it  focuses  the  engineer*8  attention.  For 
example,  the  tree  can  represent,  and  allow  the 
engineer  to  *home  in  on*  inconsistencies  in  the 
data,  rules  or  constraints,  and  incompleteness 
in  the  mapping.  Further  Inspection  of  the  tree 
may  bring  to  the  engineers  attention  the  fact 
that  some  discriminators  are  being  combined  to 
produce  a  result.  This  may  be  noted  as 
interesting  or  unreasonable.  In  the  latter 
case,  the  engineer  is  forced  to  consider  why 
this  is  so,  and  hence  knowledge,  which  might 
heve  been  missed,  is  brought  to  attention. 

Consideration  of  ths  numerical  quality  of  the 
tree  gives  the  engineer  s  clue  as  to  the  usefulness  of  the  discriminator  set  chosen,  and  additionally, 
an  assessment  of  the  usefulness  of  each  individual  discriminator  is  provided. 

*Unknown'  signifies  an  incompletenesa  in  the  mapping,  *undecidable*  signifies  an  inconsistency. 
Note  that  both  apply  only  to  restricted  parts  of  the  tree,  and  not  the  tree  as  a  whole.  The  association 
of  Alarm  1  with  Alarm  2  may  be  significant. 

This  clsssifier  csn  be  thought  of  as  a  sophisticated  database  analysis  tool,  which  helps  the 
engineer  choose  useful  discriminators  for  the  problem,  and  then  produces  an  efficient  mapping  between 
theae  discriminators  and  the  faults  which  have  to  be  detected,  together  with  an  analysis  of  the  quality  of 
this  mapping.  Assuming  that  the  quality  is  acceptable,  the  mapping  can  then  be  embedded  in  either  an 
off-line  data  analyser  or  an  on-line  fault  sionl coring  system. 

The  task  of  the  classifier  can  be  made  clearer  by  considering  the  situation  depicted  in  Figure  15. 
This  shows  the  time  trends  of  a  gear  monitoring  *vector*  composed  of  the  FM  numbers  described  in  Section 
A,  and  SMie  addition&l  ones  to  do  with  calculated  gear  usage  (UP  •  structural  failure  related  usage,  UW  • 
gear  tooth  wear  related  uaage)  and  debria  production  (DL,  DS). 

The  time  trend  data  has  been  broken  up  into  three  phases,  namely  (i)  the  bum  in  phase  (from 
acceptance  teatlng  to  20  hrs  flying  time),  (11)  the  threshold  setting  phase  (next  10  hrs  flying  time)  and 
the  monitored  phase  (from  30  hrs  to  time  of  failure  at  510  hrs).  The  trends  shown  are  hypothetical  but 
based  on  long  experience  of  how  such  analysis  technlctues  fuxictiocv. 

At  the  end  of  the  threshold  setting  phase  all  alarms  are  set  based  on  the  mean  and  standard 
deviation  of  all  measurements  made  during  that  phase,  or  absolute  level  if  knowledge  about  how  to  set  that 
exists. 


FALSE  ALARM  CLASSIFICATION  TREE 
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Figure.  14.  A  typical  fault  tree 
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For  the  next  420  hrs  the  gearbox  operates  without  any  safety  alarms  being  triggered.  However  at 
452  hrs  the  FM5A  parameter  exceeds  its  threshold,  followed  soon  after  by  the  debris  and  FM4A  numbers.  At 
510  hrs  the  unit  is  pulled  for  examination  and  spalls  are  found  on  two  teeth  of  one  of  the  gears.  (Along 
with  miscellaneous  amounts  of  fretting,  corrosion,  initial  pitting  etc.) 

The  classifier  is  then  set  two  tasks: 

1  Determine  the  best  complex  of  rules  for  detection  of  this  fault  on  all  other  units  at  the  earliest 

possible  stage. 

2  Determine  any  precursors  of  the  failure  in  terms  of  build  quality  or  operational  usage. 

The  first  problem  it  would  treat  by  analysis  of  something  called  ’fan  out’.  Remembering  that  the 
vector  is  made  up  of  discriminants  that  look  for  the  fault  in  several  different  ways,  some  discriminants 
will  undoubtedly  be  more  sensitive  than  others-  The  technique  employed  therefore  involves  marching 
backwards  through  the  database  looking  for  the  first  signs  of  paraaetera  exceeding  a  threshold  lower  chan 
the  safety  level  (which  is  set  very  high  in  order  to  limit  false  alarms). 

Fan-out  then  describes  the  process  whereby  as  time  marches  forward  more  and  more  alarms  are  seen, 
either  by  results  breaking  through  higher  and  higher  threshold  levels  or  completely  new  ones  arising.  The 
fan-out  shown  in  Figure  15  starts  with  FM5,  propagates  to  debris  then  FM4A  and  ends  up  with  SDA  and  MFl 
just  beginning  to  exceed  their  lowest  threshold  level. 

The  second  problem  is  more  difficult  to  treat.  What  the  classifier  would  be  looking  for  are 
connections  and  anomalies  between  the  reported  fault,  the  usage  of  the  aircraft  and  the  data  gathered 
during  acceptance  testing  and  bum-in.  For  example,  the  system  designer  could  have  given  it  the  rule: 

If  the  failure  is  ’v^ar’  and  the  aircraft  usage  related  to  wear  is  high,  then  the  fault  is 

anticipated. 

the  implication  being  not  to  bother  searching  for  an  assembly  or  manufacturing  cause. 

An  important  issue  at  this  juncture  is  the  significance  of  ’class*  versus  ’particular  aircraft' 
data.  If  the  nvunber  of  aircraft  in  r.he  fleet  is  low  (say  less  than  20  aircraft)  the  use  of  fleet  (or 
’class’)  statistics  is  problematical,  largely  on  account  of  measurement  noise.  However,  if  the  fleet 
happens  to  be  large  (>  50  aircraft),  the  usage  of  each  aircraft  is  being  monitored  accurately  and  the 
discriminators  have  been  csrefully  selected,  experience  has  shown  class  data  to  be  extremely  valuable. 


6.0  AVIONIC  HARDWARE 

The  goal  is  systems  that  fly  with  aircraft  and  produce  both  safety  data  in  the  air  and  highly 
effective  maintenance  data  on  the  ground. 

The  part  that  flies  must  be  both  light  in  weight  and  cost  effective  with  respect  to  whatever  else 
is  on  the  same  aircraft.  In  practice  this  usually  means  that  it  must  make  maximum  use  of  whatever  sensors 
and  computers  are  fitted  to  the  aircraft  as  standard. 

The  system  currently  being  developed  by  the  authors’  company  for  application  to  both  helicopters 
and  fixed  wing  aircraft  has  already  been  shown  in  overall  system  terms,  see  Figure  1,  and  the  intention  is 
ultimately  to  produce  a  system  that  can  interface  to  any  existing  or  new  avionics  package,  regardless  of 
whether  the  latter  is  ’integrated’  or  ’discrete’.  The  main  design  problem  is  the  front  end  signal 
processor  needed  to  operate  on  the  multitude  of  sensors,  some  of  which  require  only  infrequent 
interrogation,  others  constant  interrogation;  some  of  which  require  only  minimal  processing  to  produce  a 
result,  others  massive  amounts  of  processing.  The  key  therefore  is  the  main  processing  unit  and  for  this 
difficult  task  the  super  flexible  device  known  as  the  Transputer  was  selected  (Reference  [6J). 


7.0  CONCLUDING  REMARKS 


The  authors  have  presented  an  approach  towards  vibration  monitoring  that  gives  a  great  deal  more 
than  has  hitherto  been  possible.  This  new  approach  relies  on  integrating  three  critical  technologies, 
namely: 


1  The  availability  of  discriminants  able  to  detect  the  important  faults  in  a  safe  and  false  alarm 
free  manner. 

2  The  ground  station  technology  able  to  process  large  volumes  of  safety  and  supplementary  data.  In 
particular  this  means  database  and  classifier  software. 

3  The  availability  of  avionic  computers  flexible  and  powerful  enough  to  generate  the  safety  and 
supplementary  data. 

All  three  are  needed,  and  to  be  developed  the  system  probably  has  to  fly  on  a  significant  number  of 
aircraft.  Any  attempt  to  develop  the  Supplementary  Data  aspect  of  the  system  via  tape  recorded  data  would 
almost  inevitably  fail  due  to  logistical  problems  of  data  collection. 
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DISCUSSION 

R.FEATHERSTONE 

Could  you  give  an  example  of  a  dlscrisiinator? 

Author's  Reply: 

The  computer  program  must  be  "open".  This  allows  designers  or  other 
authorised  users  to  insert  their  knowledge  without  having  to  expose 
that  information  to  a  third  party. 

It  is  possible,  and  sometimes  desirable,  to  demonstrate  a  technique 
for  monitoring  design  knowledge  using  an  "idealised"  machine.  The  desig¬ 
net  can  then  insert  the  particular  information  pertinent  to  his  machine 
at  a  later  date. 

J.  DAWSON 

If  design  information  is  so  important  to  diagnostic  work, how  do  you 
deal  with  the  proprietary  position  of  the  machine  designer? 

Author's  Reply: 

F>14A  applied  to  gear  fault  detection  utilises  the  kurtosis  of  the  signal 
appropriate  to  the  shaft  on  which  the  gear  under  examination  is  running. 

The  isolation  of  the  signature  for  the  shaft  is  achieved  by  synchro¬ 
nous  averaging.  The  value  of  FM4A  is  related  directly  to  known  values 
of  the  kurtosis  of  various  signals,  eg  a  sine  wave  has  the  value  3 
which  enables  the  "no  fault"  condition  to  be  specified  with  confidence. 


A  JOINT  STUDY  ON  THC  COMPUTERISATION  OF  SHFIELO  AERO 
EINNNE  VMRATION  DUQNOSI8 
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ABSTRACT 

Test  House  mothods  used  by  the  RAF  for  diegnosinp  ceuses  of  excessive  vibretioo  in  MiiKsfy  EnQlncs 
besed  on  •  visual  comparison  of  the  test  'signatures'  with  those  from  bulK  in  fault  tests. 

Interpretation  depends  largelv  on  operator  experience.  A  Joint  programme  was  launched  in  1984  to  develop 
a  software  based  analyser  to  diagnose  a  range  of  mechanical  abnormalities  including  unbalance, 
malalignment  of  bearings  and  shafts,  and  squeeze  film  bearing  malfunctions.  The  analyser  would  handle  a 

variety  of  engine  types  and  would  be  suitable  for  inexperienced  operators. 

The  enauing  programme  between  MOO  end  RR  pic  developed  data  acquisition  and  interpretive  routines,  and 
provided  recorded  engine  aignetures  from  both  the  RAF  and  RoUs-Royce  pic  teat  beda.  important  aapecta 
were  the  essentlei  combination  of  intuitive  operator  experience,  detailed  atrip  and  inspaction  of  problem 
engines,  and  an  ertgineerlng  underaiandtng  from  Roils-Royca  pk.  The  current  Intention  ia  to  Inatall  an 
Automatic  Data  Procatsing  systam  by  1990/91. 

This  paper  reviews  the  successes  achieved  end  problems  encountered. 

1.0  INTRODUCTION 

Current  stress  enelyals  techniques  enable  modem  ges  turbine  engines  to  withstand  staedy  steta  loads 
with  a  high  degree  of  certainty  and  so  in  service  problems  due  to  this  cause  ere  rare,  in  contrast, 
engine  vibration  behaviour  is  less  predictable  end  it  is  generally  accepted  by  engine  manufacturers  and 
operators.  both  cMI  and  mitttary.  that  In  a  practical  engine  design  a  degrea  of  vibration  will  always 

be  present. 

Acceptable  vibration  levels  are  specified  by  the  menufecturer  and  adopted  for  ground  acceptance  testing 
and  during  flight.  Such  limits  reduce  possible  fatigue  failures  of  externei  dressings,  pertlcuiafly 
importent  oil  or  fuel  pipes,  and  reduce  diacomfon  to  passengers  and  aircraw  from  noise.  Other  problems 

from  vibration  can  include  loosening  of  eiectricei  and  mechenicel  connections  as  well  as  a  number  of 

clipping,  fretting  and  wear  difficulties.  Despite  rigorous  control  of  menufecture  end  assembly 
techniques.  vibration  problems  can  occtsionaHy  ahse  after  first  or  subsequent  builds  prior  to 
instelletion.  Foreign  object  damage  (FOO>  to  compressor  rotor  blades  and  other  faults  will  also  cause 
unwanted  vibration  in  flight. 

Umitetioo  of  the  consequences  of  engine  vibration  is  achieved  by  monitoring  the  vibration  levels  from 
tuitablv  positioned  external  transducers.  On  RR  pic  test  beds  and  the  RAF's  uninsteiied  engine  test 

houses  (UETH)  e  fixed  vibration  limK  It  dlaptayed  In  velocity  or  displacement  units  end  used  to  assess 

acceptebillty.  On  board  systems  also  detect  levels  above  the  fixed  limit  but  In  addition  identifies 
sudden  or  gradual  changes  in  vibration  Indicating  potential  problems. 

When  the  HmH  is  exceeded,  the  complex  signal  is  enaivsed  to  display  vibration  characteristics  at 
various  engine  rpm's  from  which  a  degree  of  vfauei  diagnosis  is  possible.  Vibration  diagnostic  methods 

In  Rtf  UETH’s  examine  out-of-belence  (006)  but  current  guidelines  require  considerable  interpretive 

skills.  Other  more  subtle  ceuses  of  engine  vlbredon  currently  receive  limited  attention  and  ere  not 
pert  of  e  formal  diagnostic  procedure. 

By  using  modem  signal  anefysis  procedures  the  vibration  transducer  signal  can  now  be  examined  In  much 
greeter  detail  then  before.  There  follows  the  exciting  capebiNty  to  cherecterlse  an  engines  'signature' 

more  fully  by  Identifying  symptoms  not  previously  detectable  but  which  can  greatly  enhance  diagnosis  of 
rejected  engines.  It  is  this  aspect  that  prompted  the  UK  MODfPE)  end  Rolls-Royce  ptc  to  Investigste  ways 

of  using  modem  Automatic  Date  Frocessors  (ADR)  to  improve  their  existing  diagnostic  techniqiies.  The 

Joint  investigetlon  would,  at  Its  conclusion,  provide  the  basis  for  specifying  a  new  generation  of 

vibration  enelysis  (VA)  equipment  for  currant  end  future  sero  engine  vibration  diagnosis  in  UK  bsses. 

Benefits  ere  anticipated  to  be 

An  improvement  in  diagnostic  efnekney 

A  reduction  in  unnecessary  strip  and  rebuilds,  end  relatod  uninsteiied  engine  tMt  house  (UETH) 

acceptance  testing  time. 

A  consistent  end  uniform  method  of  diegnoeit  which  does  not  totsily  rely  on  operator  expemte  In  the 
long  term. 

The  study  was  one  of  a  number  of  UK  MoO  funded  development  programmes  aimed  st  improving  aero  engine 

health  monitoring  techniques  see  ref.t.  K  was  seen  in  the  context  of  e  developing  fieM  In  rotor 
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diagnottic  tachnology  wfthln  RoUsHloyca  ptc.  curram  UK  Univarsitv  rasaarch.  and  a  numbar  o( 
sub-contract  compankas.  ThU  papar  dascrtbas  aspacts  studiad  raiating  to  improvamants  in  vibration 
haalth  monitoring,  it  is  appropriate  to  first  outtina  tha  causaa  of  vibration,  tha  RAF's  currant 
maintananca  policy  and  practica.  in  tactions  2  ar>d  3. 


2.0  USING  VIBRATION  TO  ASSESS 
MECHANICAL  ACCEPTABILITY 

For  compiata  and  affactiva  angina  vibration 
analysis,  two  proWams  must  ba  addrassad.  Tha 
first  and  Mimadlaca  concam  is  undoubtadiy  to 
find  tha  causa  of  axcassiva  vibration.  Tha 
sacond  problam  is  to  find  how  to  Intarprat  tha 
angiia  signatura  to  datact  machanical  faults 
which  don't  nacassarlly  causa  ancassiva 
vibration,  but  which  causa  distrast  and  tha 
risk  of  subsaguant  faiiuras.  ag  in  gaarbonas. 
baarings.  or  oii  rastrictlon  to  baarings  ate. 
Thasa  saparata  aspacts  ara  asaminad  batow. 
Tha  raadar  should  first  rafar  to  Flg.1  to 
bacoma  famMiar  with  tha  modular  typa  ^ 
construction  in  a  typical  two  shaft  aaro 
angina. 


t.  WCOhWVSMM 

9.  r 


«  .  LP  T 

«.  >9  TunSBC  KANMQ 


«.  LP  8EAM«a 

Q.  LP  tOCATlON  ■CAIIwa 


2.1  EacMdlM  EngIfM  Vttiratlofi 

Tha  vibration  signal  is  compias  and  contains 
anargy  componants  raiating  to  structural 
natural  fraquancas.  to  forcing  'onca  par  rav' 
signals  from  rotational  forces  at  aach  rpm  of 
tha  spools.  LP  or  HP  as  appropriata  and  to 
forcas  at  other  fraquancias.  Fig.2  shows 
typical  features  extracted  from  tha  transducer 
signal  and  used  for  diagnosing  tha  particular 
typa  of  problam.  Oanarally.  the  responses  of 
1st  order  NH  or  NL  for  example  ara  related  to 
tha  out  of  balance  in  tha  relevant  rotor 
assembly  and  ara  the  causa  of  most  angina 
raiactions.  Such  causes  ara  from  adverse 
tolaranca  build  up  at  couplings,  splines  etc- 
during  angina  build  or  from  FOO  damage  to 
blading  during  flight. 

Typical  vibration  amplitude  responses  within 
tha  rpm  range  idle  to  maximum  result  from 
axcassiva  006  and  ara  strongly  Influenced  by 
tha  angina  dynamic  characteristics  and  as  a 
result  ara  angina  typa  dependant. 


FIQ  1  TYPICAL  TWO  SHAFT  AERO-ENQINE 


FIQ  2  DIAQRAMMATIC  ILLUSTRATION 
OF  'GENERIC'  SYMPTOMS 
OUT  OF  BALANCE 


2.2  Exampisa  of  using  Vibration  to  datact  faults 

Symptoms  of  non  llnaar  vibration,  ag  harmonics  snd  sldsbsnds.  can  ba  datactad  from  faults  occasionally 

found  In  anginas  relating  to  malalignmant  of  baarings  snd/or  housings.  accantricHias  of  bearing  Inner 

track  locatlona,  swash  at  thrust  basting  location  facas  for  axampla.  Subsaquant  in  sarvica  non  llnaar 

faults  Include  rotor  to  stator  rubs,  trsppad  oil  in  •  rotor  or  squaaza  film  basring  malfunction  (wrhich 

could  also  ba  catagorlsad  as  a  l>uitd'  causa).  Most  of  those  faults  are  not  currently  tha  causa  of 
ralaction  tinea  high  amplttudas  ara  not  observed  at  tha  axtamaliy  mounted  vibration  transducers.  They 
ara  usually  Wantlfiad  by  frequency  analysis  alone  and  ara  'ganaric'  la  indapandant  pf  angina  typa  -  sea 

Fig  2.  Ibay  give  corroborative  avidanca  to  improve  tha  range  and  confidence  level  whan  diagnosing  high 

or  unusual  vibration  charactaristics.  Such  symptoms  msy  siso  provids  astly  wsming  of  vibrstion  problems 

aftar  a  period  of  operational  use. 

Gear  mashing  and  accessory  faults,  are  of  course  not  raiatad  directly  to  angina  vibration,  but  can  ba 

idantiflad  by  examination  of  fraquanclas  usually  much  higher  than  angina  main  shaft  fraquancias. 


3.0  cuw»rr  raf  maintenance  practice  and  methods  of  diagnosis 

3.1  RAF  M«lnMnnc«  PoCcy 

Tlw  RAF  hiv«  tdoptwl  •  policy  of  mpHittinlno  thoir  onglnot  tlwmitivw,  robullding  pnil  totting  tt  2nd 
lint  iMttt.  tnd  ritving  t  dttp  ttitp  ftcHIty  of  3rd  lint  bntt.  By  to  doing,  turn  round  timtt  irt 
rtduetd  to  t  minimum  tvolding  trtntportttlon  to  tnd  from  tht  contrtetort  for  ovtrbtul.  To  mtkt  thtir 
utk  tititf  a  modular  angina  conitructlon  wat  adoptad  to  facilittta  tba  raplacamant  of  Ufa  axpirad 
routing  componantt  undar  a  pitnnad  maintananca  programma. 
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Fla.3  tHowt  m»lm*nMic«  cyete, 

kitnttfying  ttm  rtqulrtmtnt  for  vMirotkM 
diagnosis  and  fdr  daciding  wMch  modula  should 
ba  raplacad  to  raduca  vibration.  Evary  angina 
is  tastad  for  vibration  analysis  (VA)  and 
parfOrmanca  aftar  aach  strip  and  rabulM.  Tha 
limits  of  vibration,  spaciflad  by  Rolis-fioyoa 
pic  tor  UETH  and  aircraft  pass  off,  art 
ineludad  In  a  procadura  wrfttan  by  tha  RAF's 
Cantral  Sarvicing  Davaiopmant  Establlshmam 
(CSDE)  who  ara  vary  sctiva  in  araas  of 
improving  diagnostica. 


3.2  Currant  RAF  Vibration  Analysia 
Tochni^uad 

Ones  an  angina  is  confirmad  as  a  raiact  In 
tha  UETH  a  diagnostic  chock  Is  carriad  out 
sppropriata  to  angina  typa.  Adour  anginas  ara 
tastad  St  12  tat  spaads  for  approx  2  mins  at 
aach  tpaad.  A  manusity  adjustad  trapuancy 
filtar/snalysar  idantifias  tha  smplitudas  at 
1st  LP  and  1st  HP  shaft  ordar.  A  'broadband' 
laval  Is  also  obaarvad  covaring  tha  rangas 
dO-SOOHc  approx  Each  amplltuda  point  Is 
first  tsbutatad  and  than  plottad  by  hand  to 
produca  amplltuda  vs  rpm  plots  batwaan  idia 
and  max  rpm's.  Tha  fraquancy  snslysar  Is  tha 
snslogua  Vibromatar'  VM3C  and  typical  rasutts 
ara  shown  togathar  with  tha  snatytar  in 
flg.4a.  If  any  vibration  laval  axcaads  tha 
ralavant  limit,  tha  rasponsa  charactaristic  Is 
comparad  with  thosa  darivad  from  tasta  having 
OOB  dallbarataly  appllad  to  aach  of  tha  main 
modulaa.  A  'bast  ftf  by  tya  ghras  guidance 
on  Identifying  tha  offending  modula.  Thera  Is 
no  teat  bad  display  other  than  from  tha  VM3C 
itaaif. 

This  system  is  undar  raviaw  and  Is  axpactad  to 
be  changed  with  tha  Introduction  of  a  new  AOP 
software  driven  systam  dascrlbad  later. 

RB19B  anginas  also  raqulrs  tasting  at  sat 
rpm'a  but  analysis  aquipmant  is  different 
comprising  digital  analyser,  tha  Spectral 
Dynamics  $0340  to  provide  Fast  Fourier 
Transforms  of  the  broad  bend  signal  from  tha 
accetaromatars.  See  flg.Sb  Tha  engine  Is  run 
at  5  set  rpm'a  and  at  each  rpm  the  frequency 
apactrum  la  plottad  covering  O-SOOHa.  When 
tha  front  transducer  plots  are  completed,  tha 
whole  process  Is  repeated  for  tha  rear 
transducer. 

Tha  plottad  spectra  are  examined  to  identify 
tha  source  of  vibration  -  whether  It  is  from 
angina  spool  006  or  from  an  accessory,  such  as 
a  fuel  or  hydraulic  pump.  Amplitudes  are 
trended  from  previous  test  results  where 
appropriate. 

In  general  the  RB199  anginas  do  not  have 
many  vibration  problems  and  thosa  which  do 
occasionally  occur  are  easy  to  identify  and  In 
most  cases,  examination  over  O-SOOHs  is 
confined  tot* 

checking  LP  ordar  from  the  front  transducer 
for  LP  compressor  OOB,  or 

HP  ordar  from  tha  rear  for  HP  compressor  or 
turbine  OOB. 

IP  ordar  Is  checked  from  either  transducer 
for  IP  turblna  008  and 

a  eonstam  fraquancy  signal  wMch  on  rare 
occaatona  has  sho^  a  bearing  aHgnment  or  oil 
supply  fault 


t 
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In  addition  apdctral  piott  ovof  O-SOOOHz  aro  uaad  to  datact  tha  margin  for  onaat  of  unusual  forms  of 
comprassor  blada  vibration  at  axtrama  oparating  conditions.  Data  for  this  is  darivad  ^>m  an  inataHad 
praasura  transducar. 

Tha  RAF  do  not  as  yat  hava  dadicatad  angina  tast  housas  for  tha  vartical  lift  Pagasus  anginas  but  Intand 

to  acquira  tham  in  tha  futura.  All  aecaptanca  tasting  is  dona  at  RR  pic  for  naw  and  rabuUt  anginas. 

Howavar  tha  Pagasus  Is  fittad  with  a  comprahanaiva  Engina  Monitoilng  Systam  <EMS)  primarily  for  Ufa 
usaga  counting,  but  includaa  vibration  maasuramant  and  analysis  and  will  ba  antarbig  squadron  sarvica  in 
tha  naar  futura.  Tha  vibration  signal  is  racaivad  by  tha  EMS  unit  and  analysad  by  IS  fixad  band  fUtars 

batwaan  30  and  5000Hz  to  idantify  1st  angina  ordar  OOB  and  othar  causas  of  vibration. 

By  using  fixad  band  fraquancias  tha  total  spactrum  is  axaminad  as  tha  angina  accalaratas  and 
dacaiaratas.  Tha  ampIRuda  in  aach  band  is  plottad  in  a  ground  bata  station  from  down-loadad  data  from 
which  visual  diagnosis  can  ba  mada  by  using  a  diagnostic  chart  ralating  fraquancy  band,  spaad  and 
fault. 

This  systam  combinas  a  dagraa  of  fraquancy  and  ampiituda  analysis  with  a  trending  capability  in  flight, 

it  is  dasignad  to  idantify  airboma  charactaristics  such  as  angina/aircraft  touch  points  in  high  'g'  load 
conditions  as  wall  as  angina  ralatad  faults  mantionad  above.  Thera  is  also  a  built  in  potential  for 
datactlng  gear  and  bearing  faults  but  an  addhlonai  vibration  transducar(s)  may  ba  required  for  this 
spacialisad  analysis.  Suitabla  VA  procedures  hava  yat  to  ba  dafinad  for  futura  RAF  tast  bads. 


3.3  Somo  Problomt  and  Conoams  of  Curram  RAF  E)iaonostic  Mathoda 

The  success  of  currant  methods  relies  largely  on  tha  axparianca  and  enthusiasm  of  key  personnel, 

particularly  for  Adour  anginas.  Tha  mobility  of  sarvica  personnel  requires  that  they  ara  posted  from 

time  to  time,  whan  their  knowledge  is  lost  to  tha  base.  Although  previous  records  ara  available,  there 
will  inevitably  ba  a  reduction  is  diagnostic  efficiency  for  a  whila.  Thera  is  also  concern  that 

Technician  time  Is  needed  for  manual  plotting  of  tast  data  which  could  ba  dona  automatically  using  mora 
modem  equipment 

Currant  methods  ara  generally  affective  for  single  OOB  faults  but  discrimination  to  modular  level 

becomes  increasingly  difficult  whan  mora  than  one  source  is  present  eg  at  HP  comprassor  and  HP  turbine. 
Soma  Adour  anginas  can  ba  almost  impossibla  to  diagnose  correctly  using  existing  practices  even  after 
several  rapaatad  strip  and  rebuilds.  Thera  is  also  concern  that  soma  angina  faults,  or  accessory  and 

gear  damage  symptoms  remain  undetected  by  currant  methods  or  by  tha  use  of  standard  fit  transducers 

It  is  recognised  that  for  a  number  of  reasons,  particuiaiiy  that  of  maintaining  equipment  which  is  no 

longer  supported  by  tha  suppliers,  there  is  a  need  to  replace  some  or  ail  of  the  analysis  and  display 

equipment.  Thera  is  concern  hare  that  futura  equipment  should  be  common  to  ail  UETH's  and  engine  types, 
and  should  hava  considerable  development  stretch  potential  and  capable  of  obtaining  signatures  in  flight 

as  wall  as  during  ground  tasting. 

Thera  is  clearly  a  need  for  a  knowledge  based  AOP  systam  which  stores  tha  collective  experience  and 
automatically  fully  processes  data  vibration  characteristics. 


4.0  SPECIFIC  OBJECTIVES  TO  IMPROVE  DIAGNOSTIC  EFFICIENCY 

To  overcome  these  concerns,  certain  tachnicaf  objectives  were  defined.  Firstly,  there  needed  to  be  an 

extension  of  tha  data  base  of  the  recorded  angina  signatures  from  installed  (ground  runs)  and  UETH 

acceptance  tests.  Secondly,  the  fault/symptMit  correlation  was  to  ba  extended  using  In  service  experience 
from  the  RAF  and  RR  pic,  who  would  underpin  their  validity  by  analytical  studies  and  rig  tastirqi. 
Thirdly,  the  development  of  common  hardware  and  software  techniques  for  a  new  ADP  systam  should 
incorporate  a  'knowledge  based'  systam.  ITia  software  should  ba  very  easy  to  use  and  capable  of  accepting 
naw  fauit/symptoms  as  they  become  available  from  a  number  of  sources.  Easy  transfer  of  data  batwaan 
operational  stations  was  also  a  requirement. 

Organisational  objectives  ware  to  sat  up  a  direct  line  of  communication  between  Rolts-Royca  pic 

specialists  and  tha  RAF's  front  line.  This  involved  tha  manufacturer  mora  directly  in  diagnosing  and 

inspecting  suspect  components  at  3rd  line  maintenance  bases  to  relate  build  abnormalities  to  unusual 
signatures  a  vary  important  aspect. 

Finally  a  dialogue  batwaan  Rolls-Royce  and  RAF  advisors  from  tha  Central  Servicing  Development 
Establishment  group  was  required  on  a  number  of  important  VA  aspects  including  training  and  dealing  with 
station  queries  on  prototype  software  systems  undergoing  in  service  trials. 


5.0  IMPROVEMENTS  IN  DtAGNOSTIC  EFFICIENCY 

This  section  briefly  describes  tha  various  ralatad  areas  to  widen  tha  knowledge  base  and  tha 
development  of  signal  processing  and  software  techniques  for  an  ADP  systam. 

S.1  Widaning  tha  Symptom  Data  Basa 

The  RAF  agreed  to  tape  record  signals  from  engines  during  a  continuous  accalaratlon  and  dacalaration  in 
UETH's  and  mstaiiad  in  aircraft  to  widen  tha  existing  data  basa.  A  special  purpoaa  Ut  was  prepared  at 
RoHs-Royea  ptc  for  Adour's  in  Hawk  and  Jaguar  aircraft  and  RBIBB's  In  Tornado.  Dataffa  of  tha  recorded 
signatures  ara  given  in  Rg.S  which  ware  returned  to  Rolls-Royca  for  full  analysis  and  Irtchision  In  tha 
data  bank.  Rejected  angina  response  characteristics  ware  filed  manualty  until  subsequent  rebuild  and 
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tMt  had  eofifirmad  or  changod  tha  originai 
diagnosis.  Aftor  a  sufticiont  numbor  of  datum 
signaturas  had  boon  obtainod.  rocordings  woro 
mado  only  from  r^octod  onginos.  Examplos  of 
additions  and  improvomonts  to  tho  oidsting 
knowlodgo  baso  Inchidod  bottor  discrimiAation 
of  Adour  HP  comprossor  and  turblno  008  by 
idontifying  difforoncos  in  tho  1st  EO  HP 
rosponso  botwoon  oach  of  tho  two  standard  fit 
accoloromotofs  (transducors)  mountod  oithor 
sido  of  tho  intonnodiato  casing. 

Vibration  rolatod  to  tho  LP  rotor  was 

idontmod  as  loosonoss  of  a  rotating 

anti-icing  tuba  location  band  which  incroasod 
LP  ordor  vibration  rapidly  at  100%NL  rpm  in 
anginas  having  location  woar  at  vary  high 
in-sorvico  livos.  An  oxamplo  of  a  moro 

complox  fault  was  of  particular  bonofit  to  tho 
RAF  aftor  attomptod  diagnosis  using  thoir 
currant  'comprossor'  006  diagnostic  graphs 
woro  ropoatodly  unsuceosaful  (ovor  soma  S 
builds).  By  a  closo  inspoctlon  of  tho  signal 
charactoristic  at  Roils-Royco  tho  suapoct 
modulo  -  No  3  tho  intormodiato  casing  -  was 
idontifiod  and  stripped  out  for  dotaiiod 
chocks  for  008  and  goomotrlc  toioranco  build 
up.  Tho  symptom  was  found  to  rolato  to  a 
considorabio  coupio  imbalanco.  Tho 
charactoristic  included  non  ilnoar  vibration, 
notable  tho  1/2  orders  indicating  perhaps  an 
overload  of  tho  HP  shaft  squoozo  film  -  see 
fig.6. 


PIQ  5  REC0RDINQ8  OF  ENGINE  VIBRATION 
SIGNATURES  FROM  RAF  BASES 
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FIG  6  EXAMPLE  OF  IMPROVED  FAULT  CHARACTERISATION 

Tho  only  RBI 99  angina  'fault  found  during  tho  period  of  signature  recording  was  rolatod  to  HP  turbine 
006.  This  was  shown  as  a  vibration  peak  near  88%NH. 

Engine  testing  at  Rolls-Royce  pic  included  built-in  faults  on  Adour  dovolopmont  engines  to  validate  whole 
engine  model  predictions  and  to  provide  diagnostic  symptoms.  Testing  included  'faults'  within  tho  HP 
comprossor  and  turbine,  LP  comprossor  and  turblno  (singly  and  together,  in  and  out  of  phase)  and  swash  at 
a  curvic  coupling.  It  was  completed  in  late  1987  and  much  analysis  has  yet  to  be  done.  An  example  of 
the  use  from  the  validation  of  an  Adour  finite  element  model  Is  given  later. 

In  the  absence  of  specific  LP  compressor  and  turbine  faults  during  recording  at  RAF  bases  the 
characteristics  from  Rolls-Royce's  LP  compressor  er)d  turbine  008  results  have  been  used  to  update  the  set 
of  standard  fault  characteristics  used  for  vibration  diagnosis. 


To  complement  the  008  symptoms,  a  special  purpose  rig  was  built  to  identify  symptoms  of  a  'generic' 
nature  from  malalignment  and  006  combinations.  Rolls-Royce  defined  the  test  programme,  applying  006, 
axial  loads  and  malalignment  conditions  appropriate  to  military  engines.  Rig  testing  was  carried  out  by 
Stewart  Hughes  Ltd  on  two  and  three  bearing  arrangements  of  a  single  shaft  system  having  squeeze  filmed 
roller  and  thrust  bearings.  Axial  loading  was  applied  for  some  tests.  Charactwlstics  seen  from  the 
initial  results  indicated  that  the  use  of  a  squeeze  film  bearing  reduced  resonant  vibration  amplitudes  by 
a  factor  of  4  indicating  satisfactory  operation  of  the  squeeze  film  and  that  small  vertical  misalignments 
within  the  squeeze  film  bearing  clearance  reduced  the  damping  efficiency  sufficiently  to  give  symptoms  of 
1/2  order  frequencies.  Dynamic  (eccentric)  misalignmem  of  the  bearing  inner  track  showed  an  amplitude 
reduction  and  phase  change  when  the  006  and  eccentric  displacement  forces  were  equal  and  out  of  phase. 
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This  Amptitud*  rtduction  has  baan  notad  in  anginas  whan  assamblad  roto  »  ara  difficult  to  balanca  to  tha 
vary  low  lavals  normally  achiavad. 

An  invastigation  Into  gaar  mashing  faults  bagan  by  analysing  Rolls^Royca  racordings  for  Pagasus 
accassory  gaarbox  mountad  transducars.  Using  a  Stawan  Hughas  Ud  -  analysar  (dascribad  latar)  and  thair 
diagnostic  softwara  on  racordings  from  savarat  davaiopmant  angina  gaarboxas.  a  daap  mash  charactaristic 
was  idantifiad  from  a  baval  gaar  as  shown  in  fig.7a  From  this  ancouraging  rasult.  a  spacial  gaarbox  rig 
was  commissionad  to  invastigata  tha  following  potantiai  build  faults  including;- 

mash  dapth  of  baval  driva  gaars. 


swash  of  driva  shaft. 

Faults  likaiy  to  occur  in  oparation  usa  wara:- 

half  chippad  tooth  and  surfaca  damaga  to  a  singla  tooth. 

damaga  to  contact  faca  of  a  singla  tooth. 

oil  starvation  to  tha  gaarbox  for  10  minutas 

Mathods  of  diagnosing  gaar  faults  ara  vary 
different  from  those  used  for  engine 

vibration.  The  identification  of  unacceptable 
levels  of  gear  faults  relies  on  trending 

either  energy  or  pattern  analysis  and  the  user 
must  use  trending  parameters  which  are  related 
to  specific  known  faults.  Pattern  analysis 
can  also  give  'ona*shot'  diagnosis  for  soma 
faults  and  this  was  used  by  RR  during  these 
tests.  Data  from  a  particular  gaar  shaft  is 
derived  from  tha  accaiaromatar  signal  mounted 
on  the  outside  of  tha  gaarbox  by  synchronous 
time  averaging  relatao  to  one  rotation  of  that 
shaft. 

Once  a  stable  time  averaged  waveform  has 
been  derived.  than  tha  waveform 
characteristics  era  presented  as  figures  of 
merit.  These  parameters  can  be  related  to 
specific  faults  and  ware  used  successfully  to 
identify  most  of  tha  built  in'  abnormalities 
in  tha  rig  tests  Oaar  analysis  techniques 
and  parameter  definition  ara  now  wall  defined 
and  a  number  of  companies  '  see  Fig7b  have 
this  capability.  This  work  related  diagnostic 
parameters  to  known  faults  for  Rolls-Royce 
gearbones  which  can  be  used  in  a  more 
comprehensive  engine  health  diagnostic 
package,  linked  with  engine  vibration,  in  the 
future 

5.2  Exploratory  Use  Of  Analytical  Models 
For  Undarstanding  Vibration  Symptoms 

Work  in  this  area  has  progressed  at  RR  pic 
and  UK  Universities  at  Aberdeen  and 
Southampton  in  recent  years.  Much  more 
remains  to  be  done  before  a  rigorous  physicei 
understanding  of  non  linear  vibration 
characteristics  can  ba  claimed.  It  is  the 
tong  term  intention  to  provide  a  theoretical 
data  base  for  rotor  006  for  each  engine  type 
as  well  as  non  linear  generic  effects.  Refer 
to  reference  2  for  related  reading. 

RR  pic  has  finite  element  whole  engine  models 
for  new  and  current  in  service  engines,  though 
their  use  is  essentially  for  structural  load 
analysis,  particularly  of  newer  engines. 

Dynamic  analysis  from  OOB  forces  has  been  done 
to  underpin  the  understanding  of  measured 
fault  symptoms  likely  to  cause  engine 
rejections.  Linear  analysis  can  predict 
resonant  fraquenclas  of  2  or  3  spool  engines 
with  reasonable  accuracy  and  good  correlation 
is  achieved  with  maasuraments.  Predicted 
amplitudes  are  however  strongly  dependant  upon 
damping  within  tha  (complex)  structure. 
Application  of  006  forces  to  the  Adour  low 
pressure  rotor,  identified  mode  shapes  and 
corresponding  resonant  amplitudes  peaks  and 
rpm's  -  see  figS.  Mode  6  is  found 


FIG  7a 
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FIG  7b  GEAR  VIBRATION  WITH  VARYING 
MESH  DEPTH 


FIG  8  USE  OF  A  FINITE  ELEMENT  WHOLE 
ENGINE  MODEL  TO  ASSESS  ADOUR 
VIBRATION  SYMPTOMS 
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•xp^rtnMnulfy  to  bo  promiiiom  wtion  turMno 
tmbotonco  Is  prosont,  rsthor  thon  comprossor 
Imbotooco.  TMs  Is  moro  oosUy  undorstood  by 
roloronco  to  tlio  modo  shop*  in  wMcb  tbo 
turbino  eoslno  stpnWcont  movomorn 

In  this  mod#. 

Stop  chOfiQM  In  ompHtudo  during  on 
occolorHon  or  do^ol^odon  which  oro 
■ttributod  to  tho  'stMontoig  spring'  oftoct 
of  squooio  film  undor  kicroosing  dofloctlon 
can  also  causo  roioctiona.  TMs  bHstablo 
symptom  ha<  boon  obsorvod  on  rigs  and  onginos 
and  is  typical  of  non-dnoar  systoms.  Such 
offsets  havo  boon  modollod  with  good  agroomont 
for  a  2  shaft  ongino  and  an  osampio  is  glvon 
in  flg.9.  Tho  diagnostic  valuo  of  tho  stop 
charactoristies  is  that  thoy  indieato  a 
sttffoning  support  charactoristic  implying 
that  a  squoozo  film  officioncy  Is  loss  than 
adoquato.  aspocially  If  moasurod  vibration 
lovols  aro  iow.  Occasionally  a  gradual  chango 
of  amplltudo  at  a  flxod  rpm  is  obsorvod.  tho 
lovol  roducing  to  a  porhaps  1/4  of  its 
original  valuo  ovor  a  fow  mins.  Possiblo 
causos  for  such  symptoms  Includo: 

changos  in  squooao  film  cloaranco  ( «<  to  ^^eloaranco^)- 

changas  in  axial  load  on  tho  boaring  as  a 
rosuK  of  soat  cloaranco  changos.  or 

in  rotor  bond  with  tomporaturo 
stabilisation. 


M/9CC 
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FIQ  9  PREDICTED  4  MEASURED  RESPONSES 
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NESDUM.  OUT-CF-ftALANCC. 

FIQ  10  MISALIGNED  SHAFTS  AND  HOUSINGS 


Typical  malalignmonta  and  associatod  'gonortc'  symptoms  aro  shown  in  fig.lO.  Tho  ossontial  difforonco 
is  botwoan  thoso  which  rotate  about  a  'bonf  axis  Md  those  shafts  which  havo  a  'dog  log'.  Moasuromonts 
froquontty  show  2nd  order  and  higher  harmonics  for  malaiignod  systems.  A  possiblo  mechanism  for  this 
symptom  is  tho  variation  of  rotatiortal  reactions  at  tho  boaring  supports  causing  vary  small  changos  in 
amplltudo  of  shaft  orbits  from  which  harmonics  of  shaft  rotation  will  rosutt  Lack  of  thrust  boaring 
squoronoss  has  a  similar  effect 


1/9  iHAFT  OROCRS 
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FIQ  lie  FEATURES  OF  A  SQUEEZE  FILM 


FIG  11b  OIL  FILM  OVERLOADED  IN  BEARING 


A  typical  squoozo  film  damper  design  for  aon>  ongino  mein  bearings  is  shown  in  flg.11a.  Its  ability  to 
roduco  porcolvod  vibration  comes  from  hydrodynamic  damping  of  shaft  orbits  but  also  by  accommodating 
malaligmttont  errors  in  3  bearing  assomblios.  Tho  benefit  is  well  ostablishod  after  some  20  years 
oxporlonco  in  RR  pic  onglitos.  However,  vibration  symptoms  from  incorrect  operation  have  been  obsorvod 
when  the  oH  feed  or  ctearances  are  not  as  designed  or  have  deterlor'ned.  Once  metal  to  metal  contact 
occurs,  frequency  symptoms  aro  noted  at  fractional  orders  or  at  fixed  frequertcios  -  as  shown  in  Fig  11b. 

Recent  work  at  Aberdeen  University  has  modeled  tho  effect  of  a  discontinuous  bearing  support  housing  and 
have  predicted  and  verfffod  sidebands  from  fst  engine  order  starting  at  a  resonant  frequency.  These  sre 
shown  in  fig.  12  with  e  similer  result  shown  in  e  Pegasus  engine.  For  further  details  refer  to 
reference  3.  Various  simpla  mechanisms  of  partial  and  continuous  rubs  have  been  modelled  by  Rolls-Royce 
which  Menttfy  complex  orbit  shapes.  FFT  transforms  readily  show  various  fractional  ordars,  1/3,  1/S  ate 
which  ara  maasured  during  rig  or  angina  tests. 
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5.3  Impro^menf  to  S«0mI  Analysit  and  Oiagnotis  Using  Psttom  Matching 
Statistica 

An  off  tho  tholf  Anolytor.  tho  'Mochanical  Systam  Oiagnostic  Analyaar'  (MSOA^.  marfcatad  by  Stawart 

Hughaa  Ud  was  auppiiad  to  Rolls^Royca  by  MOO  P£  for  avaluation  for  angina  vibration  analysis.  It  is 
normally  programmad  for  a  choica  of  savaral  vibration  diagnostic  applications  ag  gaar  and  baaring 
problams  in  hailcoptar  transmissions,  rotor  tracking  arrors,  and  monitoring  cracking  in  powar  ganarating 

shafts,  but  had  not  praviousiy  baan  appUad  to  aaro  gas  turbina  angina  vibration  diagnosis.  It  is 
illustratad  in  fig.  13a.  Saa  also  rafaranca  4  for  furthar  raading.  Tha  angina  input  signals  raquirad  ara 

tha  standard  fitmant  vibration  transducar(s)  *  2  in  most  cssas  *  and  tha  LP  and  HP  shaft  rpm's. 

Tha  axacutiva  programma  was  writtan  by  Rotls-Royca  pic  parsonnai  for  tha  spaciflc  axarcisa  dascribad  in 
this  pspar.  It  startad  data  collaction  at  grourtd  tdia  rpm.  and  instructad  data  sampling  from  a  vahabia 

fraquancy  ranga  covaring  4  x  shaft  rpm.  A  slow  accalaration  to  max  rpm  and  dacaiaration  back  to  idia  was 
adoptad.  baing  tha  traditional  Rolls-Royca  tast  mathod  for  a  vibration  survay.  Tha  MSOA  was  programmad 
to  continuously  maasura  rpm  and  automatically  plot  a  100  point  graph  of  1st  ordar  ampiituda  variation 
against  (vs)  rpm.  Originally  tha  MSOA's  computar  eontrollad  band-pass  filtars  trackto  tha  spool 
fraquancias  but  this  mathod  raquirad  mora  than  ona  slow  accalaration  to  acquira  data  and  only  displayad 
ampiituda  information  at  ones  par  rav  fraquancias.  Thara  wara  also  problams  in  discriminating  batwaan 
ciosa  onca  par  rav  fraquancias  such  as  tha  Adour  which  has  1st  ordar  NH  and  NL  saparatad  by  only  3OH2  at 

max  angina  rpm.  This  aariy  systam,  though,  gava  a  much  improvad  dafinition  of  ampiituda  vs  rpm  variation 

comp9f4  with  tha  RAF's  12  point  hand  plot. 

it  was  daoidad  to  abandon  tha  tracking  filtar  approach  and  instaad  to  acquira  and  stora  Fast  Fouriar 
Transform  Oats  for  tha  following  raasons:- 

to  provida  battar  fraquancy  datarmination, 

to  shortan  data  acquisition  tima  to  ona  slow  accal  (1.5  mins)  and  dacei.  and  to 

to  anabla  axamination  of  a  widar  fraquancy  spactrum.  for  a  fuiiar  diagnosis  of  tha  signatura. 

Tha  framawork  of  tha  programma  ramsinad  tha  sama.  but  now  tha  samplad  maasuremant  points  wara  Fouriar 
transformad  and  storad  on  disc  -  asch  transform  baing  taggad  with  tha  shaft  rpm. 

Aftar  data  collaction  tha  spool  fraquancias  wara  trackad  through  tha  storad  data  and  ampiituda  vs  rpm 
rasponsas  at  INL  or  NH.  or  broadband  30-300H2  is  piottad  on  tha  MSOA’s  printar  plotter.  Tha  diagnostic 
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for  chocking  limit  oxcoodonco  ond  foutt  finding  togothor  with  on  oxompio  of  tho  output  it  shown  in 
Fig  13b.  DotoctkHi  of  tho  unboloncod  modulo  wot  by  Pottorn  Matching'  tho  tost  ongino  choroctorittict 
with  pro  dotorminod  omplitudo  vt  rpm  plots  from  RAF  and  Rolls-Rovco  oxporionco.  A  statisticoi  tochniquo 
using  ono  way  anotysls  of  varianco  of  tho  turn  of  squarot  difforonca  gavo  dogroos  of  cortainty  from  which 
tho  most  probablo  fault  was  dofinod. 

Thoro  aro  various  way*  of  prosonting  omplitudo^  froquoncy  and  angina  rpm  (on  bmo)  information  in  two 
dimonsions.  Tho  roador  may  bo  familiar  with  'watorfair  plots  which  suporimpoto  individual  froquoncy 
spoctra  (omplitudo  vs  froquoncy)  to  givo  a  porspactivo  viaw  of  timo.  In  this  way  ampHtudo  and 
froquoncy  variation  can  bo  toon  togothor  as  ongino  rpm  changos.  an  oxampio  it  shown  in  fig  12.  Tho 
mothod  favoured  by  Rollt-Royco  pic  ft  to  plot  tho  tpoctra  taquontlally  on  froquoncy  and  rpm  axis, 
moduiattng  tho  ampUtudo  with  colour  in  tho  third  or  Z  axis.  This  typa  of  protantation  is  known  at  tho  Z 
Modulation  or  (Z  Mod)  plot  and  It  a  vary  valuablo  tool  for  anginaoring  Intarprotation  of  unusual  symptoms 
too  also  fig  12.  Ampittudos  art  plotted  on  a  log  tcMo  to  improve  dataction  of  ralativoly  low  lovols 
which  aro  not  otherwise  oatlly  observed 

At  this  stage  of  tho  study,  the  MSOA  provided  assontiaiiy  an  automatic  analysis  and  diagnostic  system 
which  amulatad  tho  currant  procaduros  used  by  tho  RAF.  Two  motor  banofits  wore  shown,  firstly  that  of 
having  an  automatic  system  to  analyse,  diagnose,  end  display  data  in  a  matter  of  minutes.  Secondly  there 
was  potential  for  a  large  reduction  In  tho  vibration  tost  say  by  a  factor  of  7.  The  next  motor  stkp  was 
to  increase  tho  flexibility  and  ease  of  improving  and  updating  tho  range  of  diagnostic  symptoms 
particularly  those  of  showing  'generic'  faults.  This  is  discussed  In  the  next  section. 


5.4  Oavelopnfient  of  a  Syttomtic  KnotMtodgdd  Bated  DiagfM>stic  Method 

Symptoms  for  non  linearity  offered  additional  diagnostic  information  to  the  existing  knowledge  base  of 
OOB  resonant  roaponsos.  (Tho  capability  to  extract  the  information  automatically  is  currently  being 

developed  under  a  separate  ALVEY  funded  programme).  A  revised  diagnostic  tree  to  include  these  symptoms 
is  shown  in  fig.14  based  on  'if/then'  rules  widely  used  by  engineers  in  fault  diagnosis.  Like  all 
diagnostic  systems,  the  prototype  AOP  system  addressed  tho  following  points: 

1)  was  tho  acquired  data  valid,  and  was  there  a  limit  exceedance? 

2)  was  006  easily  diagnosed  (by  response  partem  recognition)? 

3)  was  non  linear  vibration  characteristic  evident  eg  squeeze  film  malfunction? 

4)  what  diagnostic  statement  can  be  given  for  maintenance  action? 
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InttM  UM  of  ttw  MSOA  dOKifbod  In  IlM  provlou*  taction  gtm  good  rotulU  for  timpio  006  fultt  and 
wu  ganoradv  M  tuccattfiil  at  tha  diagnotit  of  006  by  RAF  tachniclant.  Non  Hnaar  ratpontai  wara 

firti  Invattigatad  at  Rollt-Royca  by  viaual  axamlnatlon  of  tha  Z  mod  plott  and  applying  Enginaartng 

ludgamant  Howavar,  addition  of  now  aymptomt  to  tha  MSOA  Fonran  manu  provad  to  ba  labour  Intanalva.  and 
tha  Initial  toftwara  waa  not  tufflclantty  uaar  frlandly  for  usa  In  tha  flald.  To  Improva  tha  abUlty  to 

Input  naw  Intarprativa  dau  and  to  raduca  tima  tpant  in  changing  toftwara  It  wat  dacldad  to  talia  away  tha 
dacitlon  procatt  from  tha  MSOA  A  taparata  knowiadga  bata  wat  achlavad  by  adding  an  I6M  Paraonal 
Computar  with  USP  toftwara  to  communicata  with  tha  MSOA  Fortran  manu.  laaving  tha  MSOA  at  t  data  bata 
and  analytar. 

Diagnotit  tttrtad  by  Inttructing  tha  MSOA  to  aMract  tat  ordar  NH  or  NL  ampiitudat  from  FFT  fllat  of  an 
angina  accalaration/dacalaration  and  to  plot  tha  ttt  angina  ordar  ampiitudat  vt  rpm  at  bafora.  A  tariat 
of  rulat  wara  than  Invokad  by  tha  control  programme  .  tha  axtant  and  ordar  dapanding  on  ratultt  of  tha 
pravlout  oparation.  Sy  uting  a  taparata  knowiadga  bata.  it  wat  ralttlvaly  aaty  to  tdd  t  naw 

chartetaritad  fault  after  only  a  htif  hourt  programming  tIma. 


6.0  PROBLfMS  REVEALED  DURING  THE  STUDY 

6.1  Enginaaring  Tachnieal  Prablafna 

Tha  importance  of  angina  mounting  aupport  flartibility  wat  damonttralad  by  looking  at  differences 

between  uninttelled  and  aircraft  intttlled  characterittict.  Thia  undarpinnad  the  need  to  have  a 

knowledge  bete  tppropriete  to  the  engine  end  aupport  structure  combination.  For  future  diagnosis  in 

intttlled  situations  t  different  rule  bete  would  ba  requl^  from  that  normally  used  in  UETH't. 

*  Amplitude  vs  rpm  response  plott  published  by  the  RAF't  CSOE  in  1982  ware  ganartted  from  tha  Jaguar 

version  of  the  Adour  and  applied  to  both  Jaguar  and  Hawk  vartiont.  The  main  differences  are  in  tha 
addition  of  a  reheat  system  and  an  aidal  spring  to  preloed  the  LP  thrust  bearing.  Dittarances  In  engine 
responses  have  subsequently  been  Identified  by  finite  element  models  and  measurement.  Separate 

definition  of  response  plots  for  each  engine  could  improve  diegnoais  of  some  OOB  charactaristica. 

Tha  diagnosis  of  vibration  above  the  acceptance  limn  using  pattern  matching  techniquat  was  not 
adequata  for  engines  having  more  than  one  unbalanced  module,  or  where  severe  non  linear  vibration  was 

present. 

Current  RAF  guidelines  were  baaed  on  tha  beat  fault/aymptom  data  available  whan  published,  but  new 
symptoms  have  recently  become  available  which  should  expand  their  interpretive  akiila. 


6.2  Hardware  and  Software  ProMama 

First  hand  axparlanca  of  RAF  tachniclant  using  prototyp#  ADP  systams  at  tha  front  Hna  snnphasisad  tha 
Importanca  of  adaquato  training  and  having  axtramaly  frlandly  software.  Difficulty  was  found  in  using 
tha  prototype  AOP  system  despite  having  extensive  descriptive  and  operational  manuals  -  this  is  further 
discussed  in  section  6.3. 

^  The  combination  of  tha  MSOA  and  IBM  PC  was  adopted  to  enable  the  use  of  'expert'  software  which  could  not 

be  implemented  in  the  MSOA.  An  anticipated  by  product  of  using  USP  is  that  it  has  garbage  collections' 
which  are  outside  the  programmers  control.  The  occurrence  of  one  of  these  collections  during  an  MSDA/PC 
data  transfer  caused  the  program  to  abort.  Future  alternatives  would  be  either  not  to  use  USP  or  have 
only  one  data  transfer. 

The  type  of  transducer  and  the  signal  indicating  shaft  rpm  is  different  on  each  engine  in  service.  Som - 
give  low  frequency  (70Ha  maximum)  and  others  have  high  frequency  (60  puisas/rav).  Whilst  suitable  for 
normal  engine  control  for  which  they  are  intended,  there  was  often  sufficient  'jitter'  in  the  signal  to 
make  synchronous  processing  of  the  accelerometer  signal  difficult  and  extensive  speed  signal  conditioning 
was  required.  The  use  of  a  once/rev  pulse  from  new  engines  is  essential  to  avoid  the  need  for  such 

,  equipment  on  future  software  based  systems. 


6.3  THE  HUMAN  FACTORS 

Initial  ideas  for  an  AOP  centred  around  a  closed  system  to  which  the  operator  fed  in  rpm  and  vibration 

signals.  and  from  which  a  diagnosis  appeared  after  comprehensive  examination  of  all  possible  solutions. 

However,  given  the  incomplete  data  base  of  characterised  defects,  and  the  need  for  involvement  of  the  RAF 

UETH  personnel,  it  was  decided  to  give  much  nwe  visibility  of  the  reasoning  behind  the  diagnosis  to 

improve  confidence  in  the  outcome. 

It  is  vitally  important  that  the  engineering  phllosoirfiy  of  the  user  is  fully  understood  and  that  the 

system  is  introduced  in  a  sympathetic  manner.  Typically,  the  Chief  T'^chnician  in  charge  of  a  UETH  will 
have  over  15  years  service.  He  will  not  necessarily  be  familiar  In  detail  with  computers  especially  as 

in  his  basic  trade,  )e  propulsion,  he  will  have  had  relatively  little  exposure  to  microprocessor  driven 

equipment  The  scene  is  set,  therefore,  for  a  poteittlal  rejection  when  ^  the  first  time  the  computer 
based  analysis  is  seen,  or  perceived,  to  fall,  ft  Is  often  at  this  point  that  a  technician,  who  feels 

threatened  by  the  equipment  or  jealous  that  his  position  as  the  best  diagnostician  is  being  undermined, 

will  begin  the  process  of  denigrstlon  of  the  equipment.  Once  such  a  process  starts,  it  is  very  difficult 

to  hah  and  revarse  it.  Tha  lesson,  tharefora.  must  be  to  present  the  strengths  and  weaknesses  of  the 

new  technology  and  to  give  users  a  practicai  way  in  which  their  considerable  diagnostics  skills  can  be 

used  to  improve  the  automatic  system,  it  is  important  to  be  frank  about  the  weaknesses  of  tha  system  and 
to  educate  the  user  in  the  reason  for  tha  shortcomings  so  that  when  s  failure  occurs  ft  is  greeted  with 
constructive  comments  to  improve  It  How  then  does  one  go  about  this  task? 


k 
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FIrsttv,  on*  nHitt  ONploln  in  tiniplo  ttrmt  th«  pOHotopOy  boing  omplovod  in  th*  sottwar*  analysis.  Hor* 
good  'usor  friondly'  softwara  is  a  must,  but  tbo  oxtont  of  a  prior  spocification  of  the  software  was 

underestimated.  A*  e  result  we  tried  and  felled,  to  use  fairly  unfriendly  software  with  a  comprehensive 

user  guide.  The  problem  vvlth  this  approach  Is  expense  both  in  terms  of  preparing  the  explanation  and 
in  terms  of  stopping  work  to  release  technicians  to  assimilate  it.  However,  unless  this  phase  is 
covered,  subsequent  feedback  will  be  disappointing. 

Secondly,  one  should  point  out  how  the  user  can  help  in  overcoming  the  weaknesses.  New  users  will 
always  see  far  more  variety  in  degrees  of  defect  as  well  as,  inevitably.  finding  all  the  'new'  ones. 

They  should  be  encourage  to  examine  data,  insofar  as  they  are  able  to.  and  to  give  the  manufacturer  as 
much  background  information  as  possible.  Allied  to  this  is  the  essential  requirement  to  store  the  data 
on  analysis  failures  so  that  It  can  be  passed  back  for  more  detailed  analysis  and  the  introduction  of  new 

diagnostic  rules. 

Thirdly,  good  staff  work  at  all  levels  is  particulsrly  important  during  the  period  of  establishing  a 

new  knowledge  base  or  improving  an  existing  one.  Once  a  problem  is  identified  it  is  essential  to  provide 
feedback  quickly  so  that  the  originator  can  see  the  fruits  of  his  labour.  it  was  of  tremendous 
assistance  to  have  direct  link  between  the  front  line  and  Rolls-Royce,  this  reduced  the  time  taken  to 
process  enquiries  and  enabled  supplementary  information  to  be  speedily  elicited.  It  is  intended  to 

continue  this  dialogue  on  current  in  service  engines  to  encourage  technicians  to  participate  in  widening 
existing  knowledge  bases  in  AOP  systems  as  a  forerunner  to  widening  the  limited  knowledge  bese 

necessarily  supplied  with  new  engines. 

Fourthly.  It  should  be  made  quite  plain  that  dtera  is  currently  no  computer  learning  (normally  called 

artificial  intelligence)  Involved  in  the  analysis  and  that  the  diagnostic  rules  are  based  on  the  detailed 

analysis  of  vibration  signatures  from  engines  with  particular  defects.  To  that  extent,  it  is  no 

different  from  a  technician.  Moat  importantly,  however,  unlike  the  (human)  technician  who  can  be  prone 
to  'jumping  to  the  wrong  conclusion',  the  automatic  system  is  immune  to  pressure  and  always  follows  a 
thorough  and  logical  fault  diagnosis.  Equally,  though  the  automatic  system  cannot  exhibit  'flashes  of 
brilliance'. 

Finally,  and  of  equal  importance  to  the  prime  task,  the  automatic  system  can  be  used  to  teach  or  pass 
on  diagnostic  techniques  to  counter  the  effects  of  personnel  movements.  In  the  past  diagnostic  success 
decreased  on  the  posting  of  the  'ace  of  the  base*  until  his  replacement  became  equally  experienced  when 
the  whole  cycle  repeated  Hselfl  This  aspect  should  be  virtually  a  thing  of  the  past  with  this  new 

concept. 

Military  systems  should  provide  a  degree  of  lodundancy  to  cater  for  system  damage  or  denial  during 
operations.  By  always  describing  the  diagnostic  route  foiiowed.  this  system  will  train  users  in  its 
methods  so  that  when  faced  with  a  temporary  loss  of  the  automatic  analysis  facility  the  human 
technician  could  still  diagnose  the  majority  of  defects  on  an  engine,  albeit  that  It  could  take  longer. 

In  summary  then,  it  is  not  sufficient  to  just  develop  an  improved,  more  reliable  analysis  system.  One 

must  also  consider  how  to  present  it  to  the  user  without  antagonising  him.  One  should  aim  to  present  the 
system  as  a  facility  which  will  assist  the  user  in  discharging  his  task  but  one  which  does  require  his 
input  in  order  to  meximise  its  potentiai. 


7.0  FOR  THE  FUTURE 

demonstrating  the  advanteges  of  AOP 
systems  using  prototype  technology  described 
earlier  and  by  involving  Air  Force  technicians 
in  evaluation  of  this  new  approach,  an 
understanding  and  acceptance  of  software  based 
VA  equipment  has  emerged.  The  philosophy  of 
diagnosis  will  of  course  continue  to  be  based 
on  established  engineering  principles  and 
improved  as  new  understanding  evolves.  New 
software  based  systems  have  the  potential  for 
cutting  out  tedious  routine  tasks,  providing  a 
means  of  communicating  diagnostic  experience 
to  other  RAF  stations  by  simple  means  of 
transferring  software  data.  It  will  encourage 
a  new  emphasis  on  increasing  the  knowledge 
base  of  engine  vibration  symptoms  using 
Service  experience  and  knowledge,  with 
assistance  from  Rolls-Royce  engineers  where 
appropriate  when  better  diagnosis  is 
required. 

MOO  (PE)  intend  to  place  contracts  in  19M 
for  manufacture  of  new  equipment  and  for 
Rolls-Royce  to  develop  the  dlegnottlc  software 
for  Air  Force  use. 

Towards  the  conclusion  of  the  study  a  total 
processing  phUosophy  for  aero  engine 
vibration  emerged  for  use  by  the  RAF  or  any 
other  Air  Force  see  fig  IS.  It  used  a 
systematic  approach  by  having  a  common 
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dtognottic  logic  with  Mpcrctc  and  updatabia  knowiadgo  baaaa  and  had  tha  ability  to  acquira  and  ttora 
•ynchroniaad  tima  hiatoriaa  and  to  procaaa  and  diftptay  data  aimuitanaoutly  to  meat  lat  and  2nd  line  naad 
for  initial  accaptanca/raiaction  of  anginaa.  A  aaparata  diagnostic  'off  tha  ahatf  Parsonai  Computar. 
using  RR  softwara,  would  diagnoaa  tha  faults  and  to  racommand  action  for  tha  rajactad  anginas,  its  main 
banafR  is  tha  potantlal  to  provide  continuity  of  diagnostic  afficiancy  whan  kay  parsonnai  ara  postad 

alsawhara,  will  anabla  individual  spaclaiisad  training  packages,  to  ba  run  on  tha  diagnostic  PC. 

Tha  AOP  system  conceived  will  offer  tha  new  opportunitv  to  adapt  a  standardised  software  system  for 
acquisition,  storage  and  display  facilHIas  which  can  function  equally  wall  in  test  bads  or  as  part  of  an 
on  board  health  monitoring  compotar.  As  a  mMnuf»ctuw  Rolis-Royea  In  tha  long  term  intends  to  taka 
advantage  of  this  new  technology  and  prepare  diagnostic  software  during  tha  development  phases  of  new  or 
improved  anginas.  By  so  doing,  anginas  will  ba  made  available  to  customers  for  tha  first  tima  with  a 
diagnostic  capability  at  antry  into  sarvica.  As  fsr  as  tha  RAF  is  concarnad.  thay  wili  have  a  systam  in 

piaca  to  usa  it 

aO  INTEGRATION  OF  ENGINE  VIBRATION  DIAGNOSIS  INTO  INFORMATION  MANAGEMENT  SYSTEMS 

Tha  RAF  use  a  Rolls-Royca  angina  parformanca  diagnostic  ’paefcaga'  and  is  davaloping  suitabia  methods  of 

diagnosing  gear  fauita  in  helicopter  tranamiaalon  systems  as  wall  as  for  main  rotor  tracking  errors. 

Sub-contractors  Involved  ara  Stewart  Hughes  Ltd  and  Smiths  industries.  Thera  ara  also  wall  astablishad 
trim  balancing  systems  for  high  bypass  ratio  fan  anginas. 

it  is  intended  that  In  tha  future  Engine  information  Managamant  Systems  will  combine  parformanca  with 
more  detailed  mechanical  condition  information  for  accaptanca  tasting  or  a  combined  gear,  rotor  tracking 

and  angina  vibration  for  haiicoptar  maintananca.  board  vibration  monitoring  systems  for  Rolls-Royce 

military  anginaa  are  Increasing  tha  ability  to  detect  and  diagnose  in-flight  vibration  problems  which  can 

ba  vary  different  from  those  found  from  accaptanca  tasting.  Pagasus/6RS  in  flight  vibration  data 
ratriavad  from  tha  EMS  systam  in  digital  form  (section  3.2.3)  will  ba  processed  by  tha  Harrier 
information  Managamant  Systam  (HIMS)  for  which  a  display  facility  is  being  davalopad.  Rolls-Royce  has 
identified  a  diagnostic  rule  bssa  in  tha  form  of  a  chart  based  on  accumulated  angina  davaiopmant 
axparlanca.  As  in-flight  vibration  problems  srisa.  this  wili  ba  updated. 

One  can  sea  than  a  gradual  progression  in  VA  from  basic  test  bad  diagnostic  aids,  to  an  on  board  digital 
procasairtg  systam  with  diagnosis  for  the  Pagasus/OR5,  through  to  a  totally  software  based  AOP  system, 

providing  complex  diagnostics  within  a  fuK  infomtatlon  Managamant  systam  towards  the  lata  iBBO's. 


CONCLUSIONS 

The  consldarabla  advances  made  in  vibration  analysis  and  diagnosis  of  anginas  used  by  tha  RAF  has, 
without  doubt,  bean  achieved  only  because  of  tha  ctosa  liaison  and  invoivamant  of  tha  manufacturers  with 
tha  users  st  tha  franc  fine.  Both  the  understanding  of  complex  modem  aero  angina  dynamics  and  tha 

accaptanca  of  automatic  data  processors  by  axpariancad  diagnosticians  demands  this  approach  for  a 

successful  conclusion,  it  must  ba  said  that  currant  anginas  operated  by  tha  RAF  do  not  have  major 

vibration  concerns,  but  in  tha  human  world  wa  live  problems  do  arise  from  tima  to  tima.  Future  usa  of 

tha  AOP  systam  will  assist  tha  RAF  in  containing  new  in-sarvica  vibration  problems  with  even  greater 
efficiency. 
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DISCUSSION 

G.  KRISHNAPPA 

Did  you  try  to  deternlne  degradation  in  the  performance  of  the  aerody¬ 
namic  components  using  vibration  analysis? 

Author's  Reply: 

We  never  use  the  vibration  analysis  as  a  diagnostic  tool  for  the  com¬ 
pressor  or  fan  efficiencies.  But  in  development  one  can  relate  some 
engine  vibration  levels  to  the  aerodynamic  disturbances  as  approa¬ 
ching  surge. 

J.  HOUILLON 

Quelle  est  la  correlation  entre  les  defauts  constates  par  diagnostic 
et  ceux  reellement  constates  par  le  reparateur?  Pouvez-vous  donner 
le  pourcentage  de  reussite  rencontre  dans  la  R.A.F.  et  plus  particu- 
lierement  sur  un  moteur  technologiquement  tres  complexe  tel  que  le 
moteur  a  trois  axes  RB  211. 

Author's  Reply: 

I  show  you  the  slide  (fig  5  of  my  paper)  where  I  indicate  the  number 
of  signatures  taken,  and  the  success  rate  of  these  analysies. 

Even  if  the  RB211  is  a  three  spool  engine,  it  does  not  suffer  much 
vibration  problems.  As  shown  on  fig  5,  on  13  tests  there  was  one  rejec¬ 
ted  engine  which  was  indeed  due  to  a  HP  turbine  blade. 

H.  AHRENDT 

1.  Do  you  derive  your  spectrum  information  from  one  specific  engine 
running  point  or  does  it  cover  the  whole  speed  range? 

2.  Did  you  derive  your  information  about  malfunctions  of  internal  compo¬ 
nents  (i.e.  oil  squeeze  bearings)  by  external  mounted  pick-ups? 

3.  Can  you  relate  malfunction  signature  of  a  specific  engine-aircraft 
configuration  to  a  different  one  as  a  new  engine  on  a  new  aircraft? 

Author's  Reply: 

1.  The  spectrum  looks  over  the  whole  speed  range,  idle  to  maximum, 
and  is  derived  through  a  continuous  acceleration  taking  1  to  li  min. 

2.  We  can  derive  them  from  external  pick-ups  but  it  is  not  the  best 
method.  A  very  good  way  is  to  monitor  the  oil  pressure  in  the  supply 
line  of  the  bearing. 

3.  The  out  of  balance  excited  responses  generate  specific  bands  of 
vibration  which  vary  with  the  engine  type,  because  they  are  related 

to  the  design  and  dynamic  characteristics  of  that  structure.  The  combi¬ 
nation  of  engine  and  airframe  or  engine  and  test  bed  produce  these 


unique  characteristics. 
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INTRODUCTION 

The  advent  of  Digital  Electronics  In  aviation  nas  opened  new  doors  to  fault 
management  as  a  tool  to  enhance  aircraft  operability  and  safety  of  flight. 

Today  It  la  possible  to  integrate  flight  control  systems  with  power  plant 
management  systems.  Operability  of  a  battle  damaged  aircraft  can  be  enhanced 
under  certain  conditions  through  sophisticated  fault  management  systems. 

This  paper  reviews  some  of  the  considerations  applicable  to  engine  control 
fault  management  systems  in  commercial  aviation.  Engine  control  systems  have 
evolved  Inthe  last  decade  from  being  primarily  hydromechanical  to  being 
primarily  electronics.  This  rapid  growth  In  acceptance  of  the  electronic 
systems  by  the  aviation  industry  was  due  to  the  Improvement  in  reliability  of 
the  digital  systemsover  analogue  systems,  which  were  previously  in  use. 

The  fault  management  system  is  a  powerful  tool  to  organize  and  optimize  the 
maintenance  logistics.  Operating  costa  can  be  significantly  reduced  with  an 
appropriate  fault  management  system  on  board. 

The  paper  presents: 

•  A  Brief  Review  of  the  Evolution  of  Engine  Controls. 

-  The  Emergence  of  Fault  Management  Systems 
(as  part  of  Engine  Control  Systems) 

>  Maturity  of  Fault  Management  Systems  (Still  in  Evolution). 

-  Future  Potent  I  a l . 

EVOLUTIVE  PROCESS 

The  fault  management  In  hydro-mechantcal  controls  Is  simple  In  concept  and 
difficult  in  implementation  compared  to  its  counterpart  microprocessor  based 
digital  electronics  with  their  massive  mmiory  and  comput i ng  capab I i I ty . 

The  perceived  high  reliability  of  the  mechanical  components  drove  some 
engineers  to  design  their  control  systems  without  back-up  or  Independent 
protections  and  accepting  an  engine  out  (or  a  loss  In  power)  in  the  case  of  an 
engine  control  failure. 

Hydro-mechanical  controls  have  a  major  handicap,  they  do  not  detect  failures. 
Due  to  this,  the  concept  was  to  surround  the  control  system  with  autonomous 
devices  that  will  prevent  critical  parameters  from  being  exceeded  (example; 
overspeed  protection).  Also,  these  control  systems  are  unable  of  deciding  if 
they  still  are  In  condition  to  control  the  engine.  If  a  back-up  control  exist* 
the  system  relies  on  the  pilot  to  diagnose  the  failure  and  transfer  to  the  back 
up  control . 

The  engine  control  industry  could  not  stay  Indifferent  to  the  "Invasion"  of 
electronics.  Analog  circuits  started  to  be  used  In  instrumentation  and 
ancillary  functions.  As  engineers  became  satisfied  with  the  reliability  of 
these  electrical  components  they  started  to  expand  their  utilization  to  the 
main  control.  As  a  result,  anatog  control lers  started  to  be  used  as 
supervisory  units  with  limited  authority  or  as  protective  systems  and  later 
stepped  up  to  full  euthorlty  control,  with  Its  pinnacle  on  the"Concorde"  Twin 
channel  application.  These  systems  having  limited  fault  detection  restricted 
to  checks  on  voltage  thresholds  and  still  rely  heavily  on  pilot  detection  and 
act  ion . 

The  last  decade  has  witnessed  a  giant  leap  forward  in  control  concepts.  Making 
use  of  the  digital  technology  and  microprocessors,  the  control  laws  became  more 
elaborate  and  the  fault  detection,  isolation  and  accommodation,  which 
constitutes  the  fault  management  was  called  to  play  a  major  role. 
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Fault  detection  on  todays  Full  Authority  DlQltaJ  Electronic  Controls  (FADEC)  is 
extensive.  Levels  of  fault  coveraoe  range  from  SO  to  100%.  Levels  on  the  hig^ 
90  are  possible  with  internal  checks.  However,  fault  coverage  of  the  remaining 
(up  to  100%)  can  not  be  achieved  Internally.  The  most  comnon  configuration  to 
achieve  this  level  is  the  voting  agreement  between  two  out  of  three  control 
channels  to  isolate  the  faulty  controller. 

The  microprocessor  based  digital  control  system  gives  to  the  engineer 
extensive  power  with  which  to  configure  the  control  system  to  optimize  fault 
management.  Controls  that  use  Internal  checks  as  a  mean  of  fault  detection 
have  two  possible  philosophies  when  it  comes  to  fault  accommodation,  one  of  the 
philosophies  advocates  that  cross  talk  between  the  channels  should  be  reduced 
to  Its  minimum  and  that  when  a  fault  is  detected  the  channel  in  control  should 
give  up  control,  transferring  the  control  to  an  identical  second  channel.  The 
other  approach  defends  that  the  channel  in  control  should  remain  in  control  for 
as  long  as  It  can  before  transferring  to  a  second  channel.  To  sustain  control 
after  a  fault,  the  channel  In  control  has  to  borrow  parameter  inputs  from  the 
second  channel  (If  It  lost  Its  own). 

This  second  approach  Increases  substantially  the  cross  talk  between  channels 
and  the  complexity  of  the  software. 

AIRFRAME  INTEGRATION 

There  has  always  been  a  degree  of  Integration  of  the  power  plant  control  with 
the  airframe.  Its  complexity,  as  expected  rises  with  the  number  of  engines.  Or 
single  engine  aircraft  the  interaction  Is  limited  to  the  aircraft  and  the 
engine  control.  However  in  the  case  of  a  multi-engine  application  interactions 
exist  between  the  engine  and  the  airframe  as  well  as  between  engines. 

The  functions  that  have  a  degree  of  Interaction  between  two  (or  more)  engines 
need  to  be  restricted  to  a  very  limited  authority  such  that  a  failure  on  one 
engine  does  not  have  detrimental  effects  on  the  other  engine(s>.  Typical 
examples  are  syncrophas i ng  (on  Turboprops).  Torque  matching  (Helicopters),  etc. 

Mechanical  controls  often  have  a  reduced  number  of  parameters  interacting  with 
the  airframe.  Usually,  these  parameters  are  confined  to  control  requirements 
and  minimal  If  any  are  dedicated  to  fault  annunciation.  Mostly,  fault  analysis 
relies  on  the  pilot  report  and  subseouent  interpretation  of  It  by  the 
maintenance  crew  and  available  troubleshooting  charts. 

Microprocessor  based  digital  controls  have  demonstrated  their  potential  for 
fault  management  and  for  information  transfer  to  the  maintenance  crew.  The 
transfer  of  Information  between  the  control  and  the  maintenance  crew  can  be 
done  In  many  different  ways.  They  start  with  simple  interrogat ion  devices 
which  are  connectable  to  the  Engine  Electronic  Control  (EEC)  unit  allowing  the 
crew  to  read  the  memory  locations  where  the  fault  identification  Is  stored.  ir 
the  more  sophisticated  applications  the  EECs  are  linked  with  the  aircraft 
EICAS-Engine  Indication  and  Crew  Alerting  System  and/or  a  Central  Maintenance 
Computer  (CMC).  Using  a  serial  data  bus  the  fault  Information  Is  downloaded  tc 
these  aircraft  computers.  The  maintenance  or  flight  crew  can  then  Interrogate 
the  CMC  with  the  faults  being  displayed  in  plain  language  through 
mu  1 1 1 -funct ion  displays. 

In  recent  years  there  has  been  increasing  demand  for  the  implementation  of 
systems  that  are  able  to  detect  and  identify  failures  not  only  Internal  to  the 
EEC  but  also  external.  External  failure  can  be  detected  to  the  level  of  Line 
Replacement  Units  (LRU)  associated  with  the  EEC  (i.e.  input  sensors  and  output 
effectors)  as  well  as  other  power  plant  LRU's. 

Potentially,  a  well  designed  fault  management  system  improves  not  only  the 
maintainability  of  the  control  system  but  also  reduces  pilot  workload  and 
extends  the  life  of  the  engine-  With  FADEC  controls  it  is  becoming  common 
place  to  configure  systems  which  enable  aircraft  take  offs  with  the  engines 
producing  90%  of  the  maximum  takeoff  power  capability.  in  the  case  of  a 
detected  power  plant  failure  the  remaining  engine  is  automatically  commanded  b> 
Its  EEC  to  raise  Its  power  to  100%.  This  take  off  configuration  extends 
substantially  the  life  of  the  engines  but  it  requires  a  health  status  of  the 
opposite  engine  to  be  acknowledged  by  the  local  engine  control.  Fairures  that 
are  Immediately  identified  and  automatically  accommodated  result  in  a 
significant  reduction  In  pilot  workload  compared  to  that  required  in  fault 
handling  using  hydro-mechanical  controls. 
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CERTIFICATION  REQUIREMENTS 


For  all  practical  purposes  the  various  civil  cert i f icat ion  regulations  are  not 
significantly  different  with  respect  to  power  plant  controls. 

As  an  example  the  certification  reciuiraments  imposed  on  an  Engine  Control 
System  are  part  of  the  following  FAA  regulations: 

FAR  33 
FAR  25 
FAR  27 
FAR  23 
TSO  C77a 

If  Integration  of  the  propeller  and  engine  control  is  considered  then  FAR  36 
requirements  have  to  be  considered. 

The  purpose  of  this  section  is  not  to  give  a  detailed  description  of 
certification  requirements  and  procedures  but  to  highlight  what  is  considered 
to  be  the  main  Impact  of  certification  requirements  on  the  hardware  and 
software  Fault  Management  Configuration. 

For  the  purposes  of  this  discussion  we  will  consider  FAR  33  that  addresses  the 
engine  certification  as  such  and  FAR  25  that  addresses  a  transport  category 
airframe  certification.  An  Engine  Control  System  that  complies  with  these 
requirements  is  basically  certifiable  to  FAR  27  and  29  for  helicopters  or  TSO 
C77a  for  APU's. 

Given  the  trend  towards  greater  integration  of  airframe  systems  the  airframe 
certification  has  an  impact  on  the  Engine  Control  System  configuration. 

The  advent  of  such  functions  like  engine-to-engine  synchronization,  Automatic 
Takeoff  Thrust  Control  System  (ATTCS).  Autofeather  etc  Increases  the  compiexlt> 
of  the  Engine  Control  System  and  their  cert  I f I ab l l l ty  Is  one  of  the  important 
drivers  for  the  hardware  and  software  configuration. 

Some  typical  requirements  that  are  specified  for  a  twin  engine  commercial 
aircraft  Engine  Control  System  are: 

a)  Unprotected  overspeed  (0/S)  of  the  engines  rotors  must  be  extremely 
improbable  (<1  failure  per  10^  hours). 

b)  Dual  engine  in  flight  shutdown  (lFS0>  must  be  extremely  improbable  (<i 
failure  per  10®  hours). 

c)  Single  engine  IFSO  shall  be  improbable  <<1  failure  per  io®  hours). 

d)  Loss  of  thrust  of  one  engine  In  the  takeoff  phase  and  failure  to 
uptrim  the  other  engine  must  be  extremely  Improbable  (<1  failure  per 
10®  hours) . 

e)  Complete  inability  to  shut  the  engine  down  must  be  extremely  remote 
(<l  failure  per  10^  hours). 

f)  Faults  In  either  the  Engine  Control  System  or  the  Airframe 
Instrumentation  System  resulting  in  hazardous  operation  of  the  other 
system  must  be  extremely  remote  (<l  failure  per  10^  hours). 

If  the  Engine  Control  System  also  includes  an  integrated  propeller  control,  the 
additional  set  of  requirements  that  are  typically  specified  are: 

a)  Unprotected  overspeed  of  the  propeller  must  be  extremely  improbable 
(<l  failure  per  10®  hours). 

b)  Unwanted  travel  of  the  propeller  blade  pitch  to  a  position  below  the 
normal  flight  low  pitch  stop  must  be  extremely  Improbable  (<l  failure 
per  10®  hours). 

c)  Unwanted  travel  of  the  propeller  blade  pitch  to  a  position  higher  thar 
the  maximum  angle  of  attach  causing  blade  stalling  must  be  Improbable 
(<1  failure  per  10®  hours  -  similar  to  single  engine  IFSD). 

d)  Complete  Inability  to  feather  the  propeller  blades  must  be  improbable 
(<1  failure  per  10®  hours). 
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OPERATIONAL  REQUIREMENTS 

Typical  operational  requirements  specified  for  a  commercial  aircraft  Engine 
Control  System  are: 

a)  Probability  of  the  inability  to  dispatch  <1  failure  per  10^  hours. 

b)  Bui It-In-Test-Equlpment  (BITE)  functional  test  capability  in  the 
maintenance  mode  to  test  more  than  95%  of  the  system's 
components/LRUs. 

c)  Scheduled  maintenance  for  possible  dormant  faults  at  time  intervals 
greater  than  600  hrs. 

FAULT  MANAGEMENT  CONFIGURATION 

To  meet  the  Safety  and  Cert l f Icat ion  requirements  and  the  operational 
requirements  both  aspects  of  the  configuration  hardware  and  software  are 
equally  important  and  In  many  cases  trade  offs  between  them  can  be  made. 

The  Fault  Management  Configuration  discussion  will  center  on  a  FADEC  System 
since  these  systems  have  become  more  common. 

FADEC  la  a  system  where  the  processor  based  digital  electronics  have  full 
authority  on  the  effectors  (without  mechanical  constraints),  therefore  being 
able  to  drive  the  engine  from  low  to  maximum  limits. 

A  typical  FADEC  system  comprises  the  following  (see  also  figure  l): 

Input  sensors  (engine  parameters  and  feedbacks). 

Engine  Electronic  Control  (EEC)  unit  with  Input  interfaces,  processing 
hardware  and  output  drivers. 

Effectors 

The  Engine  Electronic  Control  (EEC)  unit  processes  alt  the  signals  from  various 
engine  and  airframe  sensors  and  controls  a  fuel  flow  motor  In  the 
Hydromechanical  Unit  (HMU).  one  or  two  variable  geometry  motors  and  various 
solenoids  and  relays.  Modern  FADEC  Systems  are  Fly-By-wire  (FBW)  systems  where 
alt  Signal  acquisition  (Including  the  pilot  command  signals)  and  effectors 
control  are  done  through  electrical  links. 

HARDWARE  CONFIGURATION  RESULTING  FROM  CERTIFICATION  REQUIREMENTS 

The  hydromechanical  part  of  a  FADEC  system  can  be  substantially  simplified 
because  all  the  computations,  altitude,  temperature  compensations  etc  are 
impiemented  In  Software  based  algorithms  and  tables. 

The  simplicity  of  the  hydromechanical  part  makes  It  very  reliable  with  an  IFSD 
rate  of  typically  3  to  4  x  10"®/hr. 

This  allows  for  an  IFSO  rate  of  6  to  7  x  lO"®/hr  for  the  electrical  part  of  the 
system  to  achieve  the  single  IFSO  Certification  requirement. 

The  failure  rate  of  the  electr leal /electron Ic  part  of  a  FADEC  channel  generally 
falls  In  the  160  x  tO”®/hr  range.  For  70%  of  this  failure  rate  i.e.  100  x 
lO"®/hr  (CPU.  drivers,  effectors  etc),  there  is  no  possible  accommodation 
within  the  channel. 

This  points  to  a  major  configuration  impact:  with  today's  electronics 
reliability,  a  FADEC  system  has  to  have  at  least  a  dual  Independent  channel 
configuration  for  its  electr lea i /electronics  part  (See  Fig.  2).  in  fact,  a 

ower  1 FSD  rate  than  a  complex 


the  IFSD  rate  of  such  a  system 


X  10-®  +  (100  X  10-6)2 
X  10-6/Hr. 


dual  channel  FADEC  system  has  a  significantly  l 
hydromechanical  system . 

if  It  Is  assumed  that  all  faults  are  detected, 
will  be :  ^ 

,  Hydron«chanUs  ^  .  Electronics  2 
*  IFSO  *  *  IFSO  -  * 

■  4  X  10"6  +  1  X  10-6  I  4 


The  dual  channal  configuration  noans  that  thoro  has  to  be  no  common  mode 
failures  between  the  two  channels  Including: 


a)  common  Signal  Sources 

b)  Common  Processing  Hardware 

c)  Power  Supply 

d)  Lightning  and  Electromagnetic  Interference 

e)  software 

The  dual  IFSO  requirement  of  1  x  lO^^/hr  results  In  the  same  common  mode 
failure  requirements  applied  to  the  two  Engines  Control  Systems. 


To  comply  with  the  unprotected  0/$  or  other  protection  requirements  of 
1  X  lO'*d/hr,  Independent  protections  are  considered  mandatory. 


The  above  common  mode  failure  requirements  apply  again  this  time  between  the 
control  channel  and  the  independent  protection. 


These  considerations  point  to  the  following  optimized  FADEC  hardware 
configuration  (See  Fig.  i): 

Two  well  Isolated  FADEC  electrical  channels,  each  with  its  own  power 
supply.  CPU.  sensors,  interfaces  and  drivers. 

Dedicated  electrical  generator  for  each  engine  Control  System/Ouai 
winding,  one  winding  for  each  channel. 

Independent  protection  hardware  for  each  control  channel  with  its  own 
Internal  power  supply,  sensors,  computational  core  and  effectors. 

The  airframe  power  supply  can  be  used  as  a  back-up  of  the  dedicated  generator 
providing  It  does  not  become  a  source  or  path  for  transml tt I  >.g  common  mode 
faults  from  engine  to  engine  (on  line  when  the  dedicated  generator  is  out  of 
operation) . 


If  a  functional  link  between  the  two  engines  Is  necessary  (ATTCS. 
Synchronization)  this  has  to  be  implemented  In  hardware  such  that  no 
eng  I ne-to-eng I ne  common  mode  failure  is  possible  (for  Instance  local  engine  EEC 
reads  directly  from  dedicated  sensors  the  remote  engine  parameters). 

To  comply  with  the  engine  shutdown  requirement,  two  independent  shutdown  means 
have  to  be  provided. 


To  comply  with  the  requirement  for  segregation  between  the  Engine  Control 
System  and  the  Instrumentation  system,  the  two  systems  have  to  be  Independent 
to  the  extent  that  failures  In  one  of  them  will  not  result  In  hazardous  effects 
I n  the  other  one. 


HARDWARE  CONFIGURATION  RESULTING  FROM  OPERATIONAL  REQUIREMENTS 

A  dual  channel  FADEC  System  has  typically  the  following  reliability  for  the 
functions  that  make  the  system  non  dispatchable; 

A  Hydromechanics  <  40  x  10~^/Hr 


,  Electrical  . 
^  One  Channel 


100  X  lO-®/hr 


If  a  twin  engined  airframe  Is  considered  and  all  components  have  to  be 
operational  to  dispatch,  than  the  non  dispatch  rate  will  be: 


2 


X  A  Hydromechanlcal  4  A 


Electrical 
One  Channel  ■ 


-  2  X  40  X  10'®  +  4  X  100  X  10'®  -  480  x  10*®/Hr 

This  figure  Is  higher  than  the  required  10-^/Hr  (100  x  10“®/Hr)  and  the  major 
contributors  to  the  non  d i spstchsbl I i ty  of  the  airframe  are  the  4  electronic 
FADEC  channels. 


32-6 


The  interest  of  having  an  Engine  Control  System  configuration  that  allows  the 
dispatch  of  a  twin  engined  airframe  with  3  channels  operational  out  of  4  (1 
channel  operational  on  one  engine  and  2  channels  operational  on  the  other 
engine)  Is  obvious.  in  this  ease  only  single  failures  In  both  hmus  or  dual 
Electrical  Channel  failures  will  prevent  the  dispatch. 

Therefore  the  non  dispatch  rate  will  be: 

2  X  40  X  10-®  ♦e  X  (100  X  10“®)2  -  80.06  x  10-®/Hr 

This  result  shows  that  the  hydromechanics  I  part  dominates  the  system  non 
dispatch  rate. 

The  dual  IFSO  rate  of  a  3-out-of-4  dispatch  configuration  has  to  be  less  than 
1  In  10^  hours  as  for  the  normal  dispatch  situation. 

if  a  100%  Fault  Detection  Coverage  la  assumed  this  rate  can  be  achieved  even 
If  the  airframe  is  dispatched  continuously  with  3*out-of-4  channels 
operational,  as  shown  In  Fig.  3. 

The  single  IFSO  requirement  of  10  x  lO~^/hr  results  In  limitation  of  the  time 
the  airframe  Is  allowed  to  dispatch  with  one  channel  out  as  described  below. 

Given  an  IFSO  of  100  x  lO~^/hr  for  the  electrical  part  of  the  channel.  It  means 
that  every  2500  hrs  an  airframe  will  dispatch  with  one  FADEC  channel  incapable 
of  control : 


4  X  100  X  l0”®/hr 


-  2600  Hrs 


To  limit  to  10  X  lO~^/hr  the  average  Engine  Control  System  IFSO  rate,  and 
continuing  to  assume  a  100%  Fault  Coverage,  will  result  in  limitation  of  the 
time  the  airframe  is  allowed  to  dispatch  with  one  channel  out  to  no  more  than 
150  hrs: 


(2500«150)  4  X  10-^  ♦  150  x  104  x  10“^ 
2500 


10  X  10“®/Hr 


Where  lx  10“®/Mr  Is  the  IFSO  rate  of  the  fully  operational  system  and 
104  X  10'®  IS  the  IFSO  rate  of  the  system  dispatched  with  one  channel 
Inoperative  (see  also  Fig.  3). 


SOFTWARE  CONFIGURATION 


In  practice  not  all  the  faults  resulting  in  IFSD  can  be  detected  or 
accommodated  in  a  dual  FAOEC  channel  configuration  (case  under  discussion). 

Hardware  Independent  protection  functions  (O/S  protection  for  instance)  or  dual 
channel  redundancy  can  not  prevent  the  Engine  Control  System  from  controlling 
the  engine  in  an  undesIred  way  (flame  out.  large  thrust  excursions  within  red 
limits,  etc)  If  a  fault  occurs  and  that  fault  can  not  be  detected  and 
accommodated  (system  reconfigured). 

The  fault  detection  and  accommodation  are  components  of  the  system's  Fault 
Coverage  that  can  be  defined  as  the  conditional  probability  that  the  system 
continues  to  perform  in  an  acceptable  manner,  given  that  some  internal  part  has 
failed. 

The  Engine  Control  System  overall  Fault  Coverage  is  calculated  as  a  weighted 
average  as  follows: 


^  Cl  ♦  •...  ♦  AnCn 

C  ■  - —  — —  - - 

Where  hn  Is  the  failure  rate  of  component  n.  Cn  is  the  Fault  Coverage  of 
component  n  and  C  is  the  system's  Fault  Coverage. 

Given  the  hlgn  reliability  and  safety  requirements  imposed  on  Engine  Control 
Systems  and  the  present  reliability  of  a  single  channel  FADEC  system,  fault 
tolerance  cepsbi titles  (achieved  through  Fault  Coverage  end  redundancy)  must  be 
built  Into  the  system. 
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ft  if  only  tho  du«i  IFSO  rate  certification  requirement  was  considered  and  only 

dispatch  with  4  channels  operational  was  allowed,  then  the  required  Fault 
coverage  could  be  as  low  as  731ft  (see  Fig.  4). 

If  in  addition  the  single  IF80  rate  certification  requirement  is  considered  anc 
only  dispatch  4  channels  operational  was  allowed,  then  the  Fault  Coverage  has 
to  be  greater  than  941ft: 

^  100-94  *  ^ 

4  X  10“®  ♦  ■ —  X  100  X  10"®  ■  10  X  tO"°/Hr 

100 

If  In  addition  the  dispatch  of  the  airframe  with  one  channel  inoperative  (out 
of  4)  Is  considered,  and  the  dispatch  time  In  this  configuration  is  to  be  a 
meaningful  figure  of  at  least  29  hrs.  then  a  Fault  Coverage  of  at  least  95%  is 
mandatory . 


4  X  10“®  ♦ 


100  X  10~®  j  (2500-26)  +  104  x  10'®  x  26 


10  X  tO"®/Hr. 


With  a  dual  lane  FADEC  system  a  99%  Fault  Coverage  is  considered  to  be  a 
challenge  for  today's  techniques  in  Fault  Detection  and  Accommodat ion  design. 

The  FDA  technlQues  described  below  are  considered  necessary  to  achieve  this 
goa  I . 

The  FOA  requirements  are  classified  in  two  categories: 

Fault  Detection  Requirements 
Fault  Accommodation  Requirements 


Fault  Detection  needs  are  primarily  defined  by  the  95%  Fault  Coverage 
requirement  and  by  the  Control  System  Failure  Modes  and  Effects  Analysis 
(FMEA) . 


Fault  Accommodation  needs  are  defined  by  IFSD  and  d I spatchab ii I ty  requirements 
and  the  goal  to  make  the  Control  System  fal i-operatlonai  as  much  as  possible. 

FAULT  DETECTION: 

In  a  dual  channel  configuration  each  ctvannei  must  be  basically  responsible  for 
the  detection  and  containment  of  its  own  failures,  and  for  handing  over  control 
to  the  other  channel  . 


with  this  configuration  it  Is  clear  that  a  100%  fault  coverage  can  not  be 
obtained,  even  If  complete  redundancy  Is  available,  because  of  the  fault 
detection  aspect. 

This  fault  coverage  can  be  achieved  via  a  combination  of  self  tests  and 
comparison  tests. 


When  a  certain  component  Is  hardware  replicated  In  both  channels  its  failure 
can  be  detected  in  two  ways: 

a)  Self  tests  only  using  the  channel's  internal  resources  (range,  rate, 
etc)  -  No-Cross-Talk  conf igurat Ion. 

b)  Self  tests  as  in  (a)  and  comparison  tests  between  the  two  channels 
sensors  -  Cross-Talk  configuration. 

Our  experience  shows  that  the  Cross  Talk  configuration  is  much  more  complex 
than  the  No-Cro^s-Ta Ik  configuration  and  offers  only  marginal  benefits. 

The  point  of  departure  In  the  design  of  a  self  test  is  a  Failure  Modes  and 
Effects  Analysis  (FMEA). 

A  FMEA  defines  the  various  failure  inodes  of  a  device,  as  well  as  their  effects 
on  the  performance  of  the  device  and  the  system. 

Based  on  this  analysis,  a  self  test  Is  designed  to  detect  tho^e  failure  modes 
which  have  an  unacceptable  Impact  on  the  performance  of  the  system. 


JW. 


To  quantify  the  I  aval  of  covaraga  inharant  In  a  aaif  tast,  tha  FMEA  must  ba 
axaminad  to  datarmlna  tha  fraction  of  tha  falluraa  of  tha  davica  which  ara 
datactabia  by  tha  aaif  tast  (which  is  aasociatad  with  that  davica). 

A  larga  part  of  tha  Fault  Datactlon  logic  la  primarily  basad  on  EEC 
Input/output  Saif  Tasta.  I.a.  ranga  and  rata  taats  to  datact  out-of-range  and 
out-of -rata  f au I ts . 

with  soma  exceptions.  In-ranga  Fault  Oatection  may  ba  necessary  for  soma  EEC 
inputs  depending  on  tha  affect  of  their  failures  at  the  high  and  low  limits  of 
tha  ranga  check.  Simulation  of  these  failures  Is  performed  to  estimate  if 
in-ranga  Fault  Datactlon  for  these  parameters  Is  worth  Implementing. 

A  typical  Fault  Detection  Configuration  for  a  turbofan  application  is  shown  In 
Table  1 . 

For  tha  EEC  internal  faults  a  mix  of  Software  and  Hardware  logic  Is  used  under 
tha  name  of  Bu i I t- I n-Tast  (BIT).  Tha  BIT  tests  ara  performed  in  the  engine 
normal  operation  modes  (Start  and  Run)  and  in  engine  static  modes 
(Initialization,  maintenance)  modes. 

Typically  tha  following  Internal  EEC  checks  ara  performed: 

.  PROM  -  Checksum.  Parity 

.  RAM  -  Read/Write.  Parity 

.  EEPROM  -  Erase  Upon  a  Power  Down.  Parity 

.  CPU  -  Watchdog  Timer.  Activity  Monitor.  Loss-of-c lock 

Detector,  instruction  Test. 

.  Effectors  -  Current  Wraparound  (W/A).  initialization  Test 

Dr  I  vers 

.  A/D  Converter  -  Test  Input 

.  F/D  converter  -  Test  Input 

.  ARINC  -  W/A 

.  Spool'Up  Channel  Switchover 

A  short  description  of  each  of  the  above  tests  Is  given  below. 

BUILT-IN  TEST  DEFINITIONS 
PROM  CHECKSUM: 

Programmable  ROM  is  divided  Into  blocks,  each  block  having  a  standard  checksum 
test  value  location.  This  process  adds  all  locations  and  verifies  that  the  sun 
Is  consistent  with  the  checksum  location. 

PROM  PARITY: 

A  fault  In  the  main  application  program  is  detected  by  a  parity  check  circuit 
which  Is  enabled  by  the  action  of  the  processor  in  fetching  the  next 
Instruction.  The  result  of  this  fault  Is  a  reset  of  the  application  program  tc 
the  starting  location. 

RAM  READ/WRITE  TEST: 

RAM  read/write  tests  can  be  performed  on  ail  RAM  locations: 

1.  WRITE/READ  address  value 

2.  WRITE/READ  alternating  parity 

3.  WRITE/READ  alternating  parity 

4.  WRITE/READ  any  odd  parity  pattern 

Also  a  test  pattern  can  he  written  into  fixed  RAM  locations  and  the  result  reac 
during  normal  operation  EEC  mode. 
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RAM  PARITY: 

A  fault  In  the  scratchpad  memory  will  be  detected  by  a  parity  check  circuit 
which  Is  enabled  by  the  action  of  the  processor  in  fetching  the  desired  piece 
of  data.  The  result  of  this  fault  is  a  reset  of  the  application  program  to  the 
starting  location. 

6EPR0M  PARITY: 

A  fault  In  the  electrically  eraseable  memory  can  be  detected  by  a  parity  check 
circuit  which  Is  enabled  by  the  action  of  the  processor  In  fetching  the  desirec 
piece  of  data.  The  result  of  this  fault  is  a  reset  of  the  application  program 
to  the  starting  location. 

EEPROM  ERASE  CHECK: 

This  Initialization  process  checks  for  a  single  EEPROM  location  that  Is  erased 
or  Incompletely  written.  This  would  happen  if  an  ERASE/WRITE  cycle  was  In 
process  when  ECU  power  was  last  Interrupted. 

MATCHDOQ  TIMER: 

The  watchdog  timer  la  basically  a  counting  circuit  which  Is  used  lo  keep  track 
of  the  overall  application  program.  The  application  program  will  Issue  a 
coRvnand  to  the  watchdog  timer  at  scheduled  intervals  which  are  designed  to 
correspond  with  an  acceptable  hardware  wlnouw.  The  processor  will  be  reset  to 
the  starting  location  if  the  watchdog  timer  command  does  not  occur  in  the 
a  I  I owab I e  w i ndows . 

ACTIVITY  MONITOR: 

The  activity  monitor  circuit  is  used  as  a  crude  backup  to  the  watchdog  timer. 

A  command  to  this  monitor  switches  uetween  one  and  zero  on  a  regular  basis. 

The  channel  outputs  are  depowered  if  this  switching  sequence  is  interrupted. 

LOSS-OF -CLOCK  DETECTOR: 

The  hardware  circuit  detects  the  loss  of  the  CPU  clock  and  resets  the  software 
to  Its  starting  location  upon  clock  recovery. 

INSTRUCTION  TEST: 

A  subset  of  the  processor  instructions  Is  executed  and  proper  execution 
verified.  The  subset  is  designed  to  exercise  all  instruction  code  bits  througr 
an  "O"  and  "l"  state  and  extensively  test  all  critical  and  frequently-used 
I  nstruct I ons . 

CURRENT  WRAPAROUND  FOR  DRIVERS: 

Fault  detection  for  the  effector  drivers  is  accomplished  by  measuring  the 
voltage  across  an  accurate  resistor  in  the  output  driver.  This  voltage  is 
directly  proportional  to  current  and  Is  compared  to  the  conmanded  value  in 
order  to  detect  faults  such  as  opens  and  ground  short  circuits. 

INITIALIZATION  TEST  FOR  DRIVERS: 

The  Initialization  test  for  actuators  allows  each  channel  to  enable  Its  output 
drivers  for  a  preset  time,  so  that  the  output  logic  can  test  the  electrical 
Integrity  of  each  driver. 

ANALOQ-TO-DIQITAL  (A/D)  TEST  INPUT: 

A  known  voltage  is  Input  to  the  A/D  converter.  The  voltage  is  converted  by  the 
CPU  and  compared  to  a  known  value  to  verify  correct  A/D  operation. 

FREQUENCY-TO-OIGITIAL  (F/D)  TEST  INPUT: 

A  known  frequency  Is  input  to  the  F/0  converter.  The  frequency  is  converted  b> 
the  CPU  and  compared  to  a  known  value  to  verify  correct  f/d  operation. 

ARINC  WRAPAROUND  TEST: 

The  control  verifies  that  what  It  has  sent  out  through  the  *RiNC  transmitter  is 
what  It  receives  at  the  wraparound  receiver.  AM  messages  which  are 
transmitted  appear  In  the  wraparound  buffers.  The  ARINC  link  is  disabled  if 
the  wraparound  does  not  match  the  Intended  transmission. 


L 
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LVDT/RVDT  CHECKSUM: 

The  sum  of  the  two  LVOT  voitaoe  sionale  la  range  checked. 

SPOOL-UP  SWITCHOVER: 

The  secondary  channel  starts  the  engine  up  to  a  certain  N2  speed  and  then 
switches  to  the  primary  channel  for  the  completion  of  the  spool -up.  This 
switchover  detects  possible  dormant  failures  in  the  secondary  channel. 

FAULT  ACCOMMODATION 

The  main  goal  of  the  Fault  Accomnodat Ion  logic  is  to  make  the  system  fall 
operational  upon  the  detection  of  al I  first  single  electrical  faults  when  the 
system  Is  dispatched  with  two  channels  up. 

When  a  certain  component  Is  duplicated  in  each  channel  and  the  one  In  the 
channel  in  control  falls  the  action  can  be: 

a)  To  switch  to  the  back-up  channel  that  will  assume  control  of  the 
engine  (no-cross-talk  conf Igurat ion) . 

b)  To  "borrow*  the  failed  component  from  the  back-up  channel  (cross-talk 
conf Igurat Ion) .  However  the  cross-talk  conf 1 gurat Ion  Is  far  more 
complex  and  Its  benefits  In  terms  of  IFSD  rate,  d i spatchab l M ty  etc. 
are  marg Inal. 

In  the  case  of  single  parts  of  the  system  (a  single  P3  probe  for  both  channels 
for  Instance),  analytical  redundancy  must  be  achieved  when  possible.  For 
single  I  terns  that  can  not  be  analytically  replaced,  safe  defaults  or 
alternative  Control  Modes  that  do  not  need  these  parts  must  be  created. 

Table  2  gives  an  overview  of  a  typical  Fault  Accommodation  configuration  for  a 
turbofan  application. 

CHANNEL  SWITCHOVER 

The  Channel  switchover  logic  determines  the  relative  health  of  each  channel  ano 
uses  this  as  a  basis  for  determining  which  channel  shall  be  in  control.  A 
channel  in  control  is  a  channel  that  has  its  outputs  enabled. 

Some  of  the  rules  for  the  channel  switchover  are  the  following: 

1.  The  two  channels  must  not  s imu lataneous i y  have  their  outputs  enabled 
(this  function  to  be  Implemented  In  hardware  independent  of  the 
software  controlled  hardware). 

2.  The  pilot  can  use  a  cockpit  channel  select  switch  that  overrides  the 
automatic  channel  selection.  This  will  be  achieved  through  hardware 
means  Independent  of  the  software  controlled  hardware. 

3.  Each  channel  asseses  its  own  health  status  and  cross-talks  this 
Information  to  the  other  channel. 

4.  If  the  channel  In  control  is  less  healthy.  It  must  give  up  control.  if 
the  standby  channel  does  not  assume  control  within  a  reasonable  period, 
the  channel  that  gave  up  control  must  resume  control. 

6.  The  standby  channel  cannot  enable  its  outputs  unless  the  channel  in 
contro I  a l lows  I t . 

FAULT  ACCOMMODATION  WITHIN  THE  CHANNEL 

EEC  Input  Single  failures  will  be  accomnodated  through  the  following  processes: 

1.  Input  Processes 

Default  to  a  Safe  value 
Default  to  a  Synthesised  Value 

2.  Corrtrol  Processes 

Modified  (Lower)  Nominal  Schedules 

Back-up  Modes  that  do  not  use  the  failed  inputs 
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3.  Output  Processes 
Fa \ \ -Safe 

The  Input  single  faults  accommodation  will  result  in  possible  degraded 
performance  but  not  shutdown. 

Double  failures  will  be  accommodated  to  the  extent  that  no  more  logic  is 
required  than  that  necessary  for  each  single  failure  accommodation. 

All  the  other  cases  will  result  in  Shutdown  and  fall  safe  position  of  the 
effectors  during  flight  operation. 

COST  AND  COMPLEXITY  CONSIDERATIONS 

The  coats  associated  with  the  development  of  a  FAOEC  control  system  as  well  as 
the  purchase  cost  are  still  high.  There  are  several  factors  contributing  to 
the  high  prices  to  be  paid  for  a  FADEC  control. 

The  question  is.  why  are  FAOEC's  so  expensive  when  the  cost  of  home  computers 
Is  In  a  steep  downtrend?  A  close  look  to  the  hardware  and  software  procedures 
will  help  to  understand  the  reasons.  Electronic  hardware  used  in  EECs  are 
often  qualified  to  military  standards  that  include  more  stringent  acceptance 
tests  and  tolerances  to  a  wider  range  of  temperatures.  Components  complying 
with  these  procedures  can  cost  up  to  eight  times  more  than  similar  mass 
production  components.  Due  to  weight,  reliability  and  processing  speed 
requirements.  It  Is  not  uncommon  to  find  In  the  FAOEC  systems  components  which 
are  custom  made  and  therefore  very  expensive.  The  cost  of  generating  software 
Is  also  very  high  due  to  the  documentation  and  testing  required  to  substantiate 
and  validate  the  coding.  Testing  which  in  non  aeronautical  applications  Is 
minimal.  In  this  case  is  extensive  and  well  documented  due  to  its  criticality. 

if  a  system  follows  more  complex  algorithms  because  its  capacity  allows  it.  the 
cost  Involved  in  developing  more  elaborate  algorithms  is  proportionally  less 
than  the  Increase  in  benefits  to  the  end  user,  in  fact  performance  versus  cost 
Improves.  This  Is  a  strong  motivation  for  producing  more  sophisticated  control 
systems . 

The  end  user,  the  operator,  how  does  he  see  this  new  technology  from  the  point 
of  view  of  a  business  that  has  a  fierce  competition  and  high  costs  of 
operation?  The  FAOEC  systems  Improve  engine  ooeration,  reduces  pilot  workload 
and  perform  accurate  troubleshooting  reducing  aircraft  downtime.  On  the  other 
hand,  these  systems  are  more  complex  than  their  mechanical  counterparts  and 
have  smaller  Mean  Times  Between  Failures  (MTBfs).  But  once  more,  the  increase 
In  complexity  is  proportionally  less  than  the  penalty  In  MTBF. 

In  summary,  although  the  FAOEC  systems  are  more  expensive,  more  complex  and 
have  smaller  MTBFs  they  perform  valuable  complex  functions  not  only  in  the 
field  of  engine  control  but  also  in  fault  management. 

HARDWARE /SOFTWARE  TBADE  OFFS 

The  optimization  of  a  complex  system  like  a  power  plant  FAOEC  represents  a 
challenging  task  for  the  engineer  responsible  for  its  configuration.  He  has  tc 
study  the  options  and  the  trade  offs  involved  such  that  the  final  conf i gurat lor 
is  the  most  cost  effective  without  any  safety  compromise.  The  major  item 
involving  possible  trade  offs  that  normally  arises  during  the  conceptual  phase 
concerns  redundancy . 

The  selection  between  the  use  of  a  second  sensor  as  a  back  up  or  a  parameter 
synthesis  has  to  be  made  in  the  design  phase.  The  decision  is  made  based  on 
the  assessment  of  the  criticality  of  the  parameter. 

in  other  cases  trade  offs  are  not  permissible,  for  example  a  speeo  sensor  that 
can  not  be  shared  by  the  "control"  and  the  "protection".  The  reason  for  this 
Is  that  If  an  overspeed  condition  results  from  the  failure  of  the  speed  sensor 
to  the  "control",  the  "protection"  will  see  itself  prevented  from  operating 
because  it  also  lost  its  speed  input. 

in  the  EEC  Internal  hardware  trade  offs  Involve  the  selection  between  the  use 
of  "off  the  shelf"  discrete  components  versus  highly  integrated  custom  made 
components.  In  this  case  the  cost  will  rise  but  the  reliability  Improves 
because  Instead  of  having  many  components  falling  at  their  own  vates.  they  are 
replaced  by  a  single  device  with  a  failure  rate  better  than  the  compound  effect 
of  the  discrete  components. 
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The  end  result 
welQht  sre  the 


Is  s  very  challenging  task  where 
variables  to  be  optimised  by  the 


safety »  cost, 
designer . 


re  11 ao  M 1 ty  and 


FUTURE  TRENDS 


To  accurately  predict  what  the  future  will  bring  is  not  an  easy  task,  however 
trends  are  precious  indicators  that  point  to  where  the  industry  is  going. 

The  use  of  electronic  controls  is  now  widely  accepted  and  its  potential  is 
recognized.  it  Is  believed  that  the  move  towards  electronics  is  irreversible. 
Improvements  In  the  reliability  of  the  FADEC  systems  must  be  made  by  increasing 
the  reliability  of  the  individual  components  and  moving  towards  higher  system 
I ntegrat ion . 

The  continuing  demand  from  airlines  to  reduce  the  cost  of  ownership  will  drive 
to  systems  which  are  not  only  more  reliable  but  also  with  enhanced  fault 
detection  and  Isolation.  Aircraft  downtime  (as  it  relates  to  cost  of 
ownership)  Is  one  of  the  biggest  airline  concerns,  therefore  systems  that  will 
accurately  isolate  and  Identify  the  faults,  speeding  the  troubleshooting 
process,  will  be  continuously  Improving.  Also,  there  already  exist  fault 
tolerant  configurations  that  allow  airplanes  to  be  dispatched  for  revenue 
f  I  I  ght  w I th  fau I ts . 

Higher  system  Integration  la  an  area  where  It  is  expected  that  major  progress 
will  be  made.  The  integration  in  the  EEC  of  functions  tike  Propeller  Control, 
Propeller  Synchrophasing.  Engine  Synchronization,  Autofeather,  uptrim,  etc.,  is 
not  only  possible  in  terms  of  safety  and  certification  but  also  desirable  from 
the  point  of  view  of  control  performance,  fault  management,  reliability,  weight 
and  cost . 

In  summary,  within  a  decade  fault  management  In  FAOEC  engine  controls  has 
gained  major  significance  and  when  integrated  with  airframe 
controls/diagnostics  la  expected  to  evolve  as  a  major  factor  to  enhance 
aircraft  operation  related  to  safety,  reliability  and  cost. 
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INPUT/OUTPUT/ 

COMPONENT 

FAULT  DETECTION 

FAN  SPEED 

NF  (CONTROL  CH. ) 

Range.  Rate 

GAS  GEN  SPEED 

NQ  (CONTROL  CH.) 

Range.  Rate 

PRESSURE-TOTAL 

PT  (ADC) 

Range,  Rate,  Comparison  to  Engine  PT 

TEMP. -TOTAL 

TT  (ADC) 

Range.  Rate 

PRESSURE-STATIC 

PS  (ADC) 

Range.  Rate,  Comparison  to  Engine  PS 

PT  (Engine) 

Range,  Rate 

TT  (Engine) 

Range.  Rate.  Comparison  to  ADC  TT 

PS  (Engine) 

Range.  Rate 

TEMP.  STATION  45 

T45 

Range,  Rate,  Model  Checks  (T45  >  x-c  when 

N2  >  y%) 

FB  -  FUEL  FLOW 

WFPOS 

Range.  Rate 

Checksum  (Va  •«-  Vb  •  K^) 

FB  -  IGVs 

IGVPOS 

Range.  Rate 

Checksum  (Va  ♦  Vb  -  K2) 

THROTTLE  LEVER 

TLA 

Range.  Rate 

ANGLE 

Checksum  (Va  •»-  Vb  -  K3) 

PRESSURE  STATION  3 

P3 

Range.  Rate,  Model  Checks 

WF  TM 

LVDT  W/A 

Current  W/A.  i n i t la  1 1  rat  ion 

lGy(  TM 

RVDT  W/A 

Current  W/A.  initialization 

NF  TRIM 

1 1  legal  Comb  1 nat ion 

IGV  TRIM 

1 1 1 ega l  Comb  1 nat l on 

T45  TRIM 

1 1 1 ega 1  Comb i nat l on 

DISCRETES 

1 1 1 ega 1  Comb l nat l on 

NF  (O/S  PROT. ) 

Checked  every  Normal  Shutdown 

NQ  (O/S  PROT.) 

Checked  every  Normal  Shutdown 

EEC- INTERNAL 

Various  Methods  -  See  BIT 

FB  •  FEEDBACK 
TM  -  TORQUE  MOTOR 

ADC  -  AIR  DATA  COMPUTER  (AIRFRAME) 


TABLE  2 


FAULT 

ACCOMMODATION 

.  Loss  of  a  hardware  redundant 

Input  (NF.  NG.  TLA,  feedbacks, 
discretes.  Power  Supply) 

Automat ic 
channe 1 

switchover  to  the  other 

Loss  of  output  driver  (all  are 
redundant ) 

Automat ic 
channel 

switchover  to  the  other 

.  Loss  of  channel  capability 
(Internal  Power  Supply, 

CPU,  memory) 

Automat  1 c 
channe 1 

switchover  to  the  other 

Loss  of  aircraft  redundant  Input 
used  as  a  primary  source  for 
engine  control  (ADC  PT  and  PS) 

Switch  to  Engine  Control  System 
Input  If  this  Is  not  failed. 

.  Loss  of  control  system  input 
backed  up  by  an  aircraft  input 
(AOCTT) 

Switch  to 
val 1  dated 
tests . 

aircraft  Input  If 
by  control  system 

.  Loss  of  a  hardware  simplex 
input  that  has  analytical 
back-up  (P3) 

Use  of  analytical  redundancy 

-  synthesize  lost  input  or. 

-  switch  to  a  back-up  mode  that 
does  not  use  the  lost  input 

.  Loss  of  a  hardware  simplex 

Input  that  does  not  have 
analytical  back-up  (only 
mechanical  parts  of  the  control 
system:  metering  valve  common  to 
both  channels) . 

Fa  1 1 -safe 
Fuel  Flow, 

ti  outputs  (Shut-Off 

IGV  Open) . 

For  common  (to  both  channels)  mode  covered  faults  or  for  multiple 
covered  failures  resulting  in  loss  of  both  channels  or  not  enough 
parameters  available  to  run  the  engine  properly  the  accommodation 
consists  In  going  to  a  fall  safe  condition  for  all  effectors. 


HARDWARE  CONFIGURATION 
BLOCK  DIAGRAM 


Engine/ Airframe 
Signals  used  for 
Engine  Control 


Engine/ Airframe 
Signals  used  for 
Protection 


;EEC 


Control 

Hardware 


Power 

Supply 


m; 


Protection 

Hardware 


Power 
J~|  Supply 


Protection 

Hardware 


Power 

Supply 


Control 

Hardware 


Power 

Supply 


Com  Bos> 


Airframe 

Instrumentation/ 

Corrmunication 

System 


Protection 

Effectors 


Fuel  Flow/ 

Variable  Geometry/ 
Shut-down/  I 

Effectors  I 


Figure  1 


I.F.S.D.  RELIABILITY  BLOCK  DIAGRAM 


[ 

I 

I 


Primary  FADEC  channel. 
Dual  EEC  hardware 

♦  dual  sensors 

*  dual  effectors. 
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Secondary  FADEC  channel. 
Dual  EEC  hardware 
t  dual  sensors 
t  dual  effectors. 


Simplex  part  of  the  system. 
HMU  »  mech.  part  of  effectors. 


4x10  ■ 


4x10 
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100%  fault  coverage  assumed 


Figure  2 


I.F.S.D.  FAULT  TREE _ 

100%  FADEC  FAULT  COVERAGE 
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I.F.S.D.  FAULT  TREE 

73%  FADEC  FAULT  COVERAGE 


Figure  4 
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DISCUSSION 


Does  the  EEC  perform  other  checks  apart  from  essential  safety  checks 
in  order  to  isolate  faults  to  LRU  level? 

Author's  Reply: 

Yes,  the  EEC  performs  other  checks  that  are  dedicated  to  fault 
isolation  to  the  LRU  level  when  possible.  A  large  part  of  these 
checks  are  the  same  as  the  safety  related  checks. 

However  some  of  them  are  perforated  only  in  the  EEC  ataintenance 
mode  (BITE).  Typically  90  to  95%  LRU  fault  isolation  levels  are 
achieved  for  the  control  system. 
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By 


STAMATIS,  A. •  R*s.  Assistant 
PAPAILIOU,  K.D.,  Profassor 

Laboratory  of  Thaz«al  Turbomaohines 
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ABSTRACT 

Tha  Inplamantatlon  of  a  rallabla  Diagnostic  Systra  basad  on  a  Gas  Path  Analysis  (GPA)  approach  is 
not  always  faasibla.  Extra  instruMntatlon  is  required  in  order  to  predict,  detect  and  isolate  failures. 
Discrete  Operating  Conditions  Gas  Path  Analysis  (DOCGPA),  which  is  presented  here,  is  an  extended  ver¬ 
sion  of  the  conventional  GPA  algorithm,  providing  the  capability  of  increased  reliability  when  using 
only  existing  sensors  for  estimating  engine  malfunctions. 

LIST  OF  SYMBOLS  SUPERSCRIPTS 

A  Perosntage  change  from  an  initial  value 

E(}  E)q>ectation  operator 

^  Fault  parameter  vector 

(ICM)  Influence  Coefficient  Matrix 

J  Scalar  defined  in  eq.(21) 

M  Information  Matrix 

number  of  estimated  fault  parameters 
p  vector  of  performance  parameters 

P  Covariance  Matrix  of  estimated  fault 

parameters 

P  A  priori  Covariance  Matrix  of  estimated 

fault  parameters 

PCUX  Performance  Estimation  Uncertaincy  Index 

(equal  to  J) 

R  Covariance  Matrix  of  measured  variables 

jrO  trace  of  a  matrix 

^  sensor  non-repeatability  noise  vector 

u  operating  conditions  vector 

?  Measurement  vector 


1. INTRODUCTION 

Gas  Path  Analysis  (GPA)  can  be  considered  as  a  procedure  for  evaluating  the  operaticnal  condition 
of  a  Gas  Turbine,  using  measurements  of  performance  varied>le8,  at  a  certain  number  of  flowpath  stations. 
Aging  or  specific  engine  failures  reflect  on  engine  performance  deterioration,  which  results  in  devia¬ 
tions  of  the  values  of  the  measured  variables  from  the  ones  corresponding  to  a  healthy  operation  (base¬ 
line  values).  The  existing  correspondance  between  the  set  of  deviations  from  the  healthy  situation 
and  the  performance  deterioration  constitutes  the  standard  basis  for  any  diagnostic  system  develop¬ 
ment  /!/.  Although  a  considerable  amount  of  work  has  been  done  in  this  field,  during  the  last  two  de¬ 
cades  (recent  work  is  presented  in  references  /2/  to  /4/),  many  practical  limitations  are  encountered 
when  diagnostic  systems  based  on  GPA  are  used. 

These  limitations  appear  when,  in  an  effort  to  develop  an  effective  diagnostic  system,  a  satisfac¬ 
tory  trade-off  is  searched  between  the  following  issues: 

i.  Reliability 

ii.  Extent  of  detailed  diagnosis 

iii.  Integrity  of  the  powerplant 

iv.  Cost  of  implementation 

In  order  to  increase  the  confidence  levels  on  performance  estimation  as  well  as  to  isolate  mul- 
functioning  components  of  the  engine,  one  has  to  increase  the  volume  of  the  information  concerning 
its  state. 

This  may  be  done  either  by  increasing  the  measured  quantities,  by  installing  additional  sensors, 
or  by  making  use  of  additional  measurements  realized  by  the  already  installed  ones.  Integrity  of  the 
powerplant  and  cost  of  implementation  restrict  usually  the  installation  of  additional  sensors.  Making 
use  of  information  coming  out  of  the  already  existing  ones  will  be  the  subject  of  the  present  work. 

This  information  coming  out  of  measurements  at  different  operating  points,  the  corresponding 
procedure  was  named  Discrete  Operating  Coadltions  Gas  Path  Analysis  (DCC6PA).  This  particular  GPA 
procedure  is  emditioned  by  our  ability  to  correlate  correctly  the  engine  observed  behaviour  with 
that  of  each  one  of  its  components,  at  all  operating  points. 

2.  THEORETICAL  PRINCIPLES 
2.1  Conyentional_6PA 

Traditional  GPA  methodology  is  based  on  the  sequence  of  events  presented  in  Fig.l.  Physical 
problems  affect  the  values  of  characteristic  performance  parameters  (e.g.  component  efficiencies), 
which,  in  turn,  alter  the  expected  values  of  (measurable)  engine  variables,  provided  that  the  engine 
operates  in  a  steady  state  mode  at  a  given  operating  point.  The  most  popular  mathematical  fomnila- 
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tion  of  the  problem  is  expressed  by  the  foilotfing  linear  model  equation  (5). 

AY  =  (ICM)?  tv  (1) 

where  the  vector  of  the  deviations  of  the  measured  quantities  AY  is  relate^  to  the  vector  of  the  devia¬ 
tions  of  characteristics  performance  parameters  (f^ult  parameter  vector),  f,  through  the  Influence  Coef¬ 
ficient  Matrix  (ICM),  allowing  for  a  random  noise  v. 

The  noise  la  assumed  to  possess  a  Gaussian  distribution  with  mean  and  covariance : 

E{v}=  0 

E{v7’^}=R 

Having  established  baselines  (either  from  theoretical  modelling  and  simulation  or  from  measure¬ 
ments  on  a  "healthy"  engine),  it  is  possible  to  CMistruct  the  (ICM)  by  perturbing  sequentially  all 
performance  parameters  and  calculating  the  resulting  percentage  changes  in  measxired  variables. 

An  estimate  ?  for  based  on  mlninum  variance  considerations,  can  be  calculated  according  to 
ref./6/  from  the  following  eiqiresslon: 

?  =  m'^(ICM)V''AY  (2) 

where  M  is  the  information  matrix  defined  as: 

M  =(ICM)’^r'^(ICM)  (3) 

Then  the  estimate  error  covariance,  P  is  resulting  from  equation  (2)  as: 

P=  (4) 

Previously  established  statistical  information  on  f  associated  with  a  covariance  P  ,  may  be  taken 
into  account  in  this  procedure  (ref./T/).  The  e}q>ression  for  the  information  matrix  becomes  then: 

H=  (5) 

and  the  corresponding  expression  for  the  estimate  error  covariance  reads: 

P-  {P^'MiCM)V'^(ICM))  (6) 

Equation  (6)  implies  that  the  estimate  f  becomes  more  "oblivious"  to  sensor  noise,  when  the  a  priori 
covariance  P^  is  considerably  "small".  This  scenario  is  appropriate  for  aging  deterioration  monito¬ 
ring.  In  cases  where  previous  information  about  f  is  not  available  or  lost,  for  example,  following 
a  serious  damage,  the  resulting  informati<m  matrix  must  be  well  conditioned,  in  order  to  avoid  false 
alarms  from  sensor  noise. 


In  practice,  the  following neasures  are  taken: 

a)  The  number  of  measured  variables  is  at  least  equal  to  the  number  of  parameters  for  estimation, 
and 

b)  The  chosen  measured  variables  are  sensitive  to  the  ones  chosen  for  diagnostic  purposes. 


2 . 2 

^  An  arbitrary  gas  turbine  configuration  be  considered  as  a  system  for  which  the  measured  output 
y  is  a  function  of  the  system  parameter  vector  p  and  the  input  vector  iS: 

Y=  G(p/u)  (7) 

The  input  vector  in  our  case  defines  the  operating  conditions  (i.e.  altitude,  aircraft  Mach  num¬ 
ber,  power  setting,  etc.)  and  the  system  parameter  vector  ^  contains  characteristic  performance  para¬ 
meters  (i.e.  efficiencies  etc).  Linearization  of  equation  (7)  with  respect  to  $  leads  to  the  equation: 

AY=  {lCM(u))  Ap  (8) 


Since  by  definition  f  are  the  percentage  changes  of  p  i.e. 
f=  Ap 


we  get 


AY  =  {rCM(u)}  f 


(9) 

(10) 


The  classical  formulation  of  GPA  (equation  (1))  is  nothing  but  the  application  of  the  equation 
(10)  at  a  single  operating  point. 

From  the  above  expression  of  equati<x)  (10)  it  can  be  easily  seen  that,  if  the  (ICM)  is  sensi¬ 
tive  to  the  vector  u,  then  the  measurement  deviation  vector  AY  will  b«  different  for  different  c^)era- 
ting  ccs*ditlons,  when  the  fault  vector  remains  the  same. 

The  practical  consequence  of  the  above  statement  is  that,  when  information  is  missing,  it  can 
be  supplied  by  measurements  at  other  operating  conditions  (different  values  for  the  input  vector  u). 

Consider,  as  an  illustrative  example,  the  following  single  input-output  model  equation: 

Ay  =  ufjt  ,  u  f  l0.8,ll  (11) 


33-3 


i 


or  In  vector  notatl^: 

Ay=  (u  u^X^l)  (12) 

For  input  u=l,  it  iapliea: 

Ay(l)=  *^1 

and  there  is  a  faiaily  of  fault  vectors  satisfying  equation  (11)  as  ue  can  see  from  Fig. 2a. 

Taking  into  account  one  toore  Masured  output  with  input  u=0.8,  we  have: 

AY(0.8)=  0,8f^+0.64f2=  c^  (1**) 

It  is  obvious  froffl  Fig.  2b  that  the  direction  of  the  fault  vector  is  uniquely  determined. 

In  reference  /8/  engine  simulation  codes  were  developed  for  three  specific  cases  (two  aircraft 
and  one  ground  gas  turbine  engines)*  for  which  sufficient  data  were  available.  Analysis  using  these 
codes  has  demonstrated  that  the  (ICM)  is  sensitive  to  operating  conditions.  The  same  fact  is  stated 
explicitely  in  reference  /9/*  where  it  is  reported  that  operating  a  gas  turbine  at  constant  speed 
conditions  and  under  a  specific  fault  situation*  the  deviations  of  the  perfonumce  variables  were 
found  to  be  considerably  different  from  those  corresponding  to  a  constant  output  power  operation. 

We  can,  now,  return  to  the  formulation  of  our  problem,  when  different  operating  conditions 
are  considered. 


3.  DISCRETE  OPERATING  CONDITIOWS  MODEL 

Consider  equation  (8),  including  sensor  noise  error  readings.  For  M  different  operating  condi¬ 
tions  we  can  write: 


4Y.=  {ICM(i))  ?  t  V. 
1  1 

E  {vj}=0 

E  .  R, 


i=  1,N 


(15) 


The  vector  ?  may  be  viewed  as  the  state,  at  time  t^j,  of  the  dynamical  ayst«n: 


AYjS  {ICM(i))  f.+  V. 


(1$) 


provided  that  time  intervals  t. are  long  enough  to  assume  that  a  steady  stats  is  reached,  but 
^mall  enough  compared  with  the^tlme^  required  for  further  deterioration  of  the  state.  Suppose  that 
fjj  is  completely  observable  with  respect  to  . .AY^j)  or,  equivalently,  the  matrix: 


E  {  ICm’^Ci))  R.‘^  {lCM(i)) 


is  positive  definite. 

The  unbiased  minimum  variance  estimate  of  f^^  is  given  by  Gauss-Markov  theorem  /lO/.  It  reads: 

f  =  I  {ICM(i))  rT^AY,  (17) 

"  "  i=l  1  i 


where 


!L=  I  {lCM^(i))  R."^  (lCM(i)) 
^  i  =  l  ^ 


(18) 


is  the  Information  Matrix. 
The  covariance  of 


(19) 


The  model  that  has  been  built  from  N  discrete  operating  conditions,  is  called  the  order  N  model. 
Refering  back  to  the  example  of  par.  2.2,  It  is  easy  to  deduce  that  the  order  1  model  possesses  an  in¬ 
definite  covariance  for  the  estimated  parameters,  while  for  the  order  2  model  the  covariance  (assuming 
R,=I)  gets  the  form:  /  v 

/  2^  2  3  3  \ 

_  K  ^  ] 

2'  \  3  4  «  / 

Ui  *02  / 


(20) 


We  can  remark  that  from  this  point  on,  it  is  possible  to  search  for  the  most  appropriate  inputs 
u^iu^  in  order  to  have  some  norm  of  minimum,  which  will  insure  an  optimal  estimate. 

Following  the  above  reasoning,  for  any  order  K  Discrete  Operating  Condition  Model,  along  with 
its  covariance  Pj),  we  may  consider  as  a  diagnostic  effectiveness  measiire  for  the  Model,  the  norm  de¬ 
fined  in  ref./5/  as: 


which  is  naned  Performance  Estimation  (Jncertaincy  Index  (PEUI),  in  this  study. 

Since  the  main  diagonal  elements  of  the  covariance  matrix  P)|  are  the  variances  of  the  estimation 
errors,  J  is  j^ust  the  square  root  of  the  average  variance  and  is  like  an  RHS  error  for  the  or^er  N  mo¬ 
del.  Roughly  speaking,  a  value  of  J  of  1.5  means  that  the  standard  deviations  of  the  estimation  error 
for  each  of  the  fault  parameters  considered  are  "close"  to  1.5%.  Clearly,  the  smaller  the  value  of  J, 
the  more  accurate  is  the  estimate,  using  the  order  N  model. 

4.  CASE  STUDY 

He  have  already  mentioned  that  analytical  studies  on  different  engine  simulations,  which  are  dis¬ 
cussed  in  /8/,  have  proved  that  the  Influence  Coefficient  Matrix  depends  on  operating  conditions.  With 
this  in  mind,  we  shall  proceed  to  demonstrate  the  DOCGPA  capabilities,  cmsidering  a  comnercial  turbofan 
engine  for  which  data  for  the  (ICM)  were  available  for  three  operating  conditions. 

Table  1  defines  the  measurement  vector  Y  and  the  fault  parameter  vector  ^  used  for  the  engine. 

Tables  2-4  present  the  values  of  the  (ICM)  matrix  for  the  three  different  operating  conditions 
(Engine  Pressure  Ratio,  flight  Mach  number  and  ambient  conditional  mentioned  above). 

These  values  will  be  used  in  order  to  investigate  improvements  that  the  DOCGPA  approach  can  offer 
in  respect  to  an  ordinary  GPA  method. 

Even  before  starting  this  investigation,  the  strong  dependence  of  the  (ICM)  elements  on  varying 
operating  conditions  can  be  remarked. 

The  calculation  results  that  will  be  presented,  have  been  obtained  with  the  assumption  that  all 
measured  values  of  the  variables  (N^,N2,Hp,CGT)  have  been  made  with  an  accuracy  characterized  by  a 
standard  deviation  equal  to  0.5%,  if  not  stated  otherwise. 

Figure  4  presents  the  values  of  the  performance  estimation  uncertaincy  index  (PCUI),  when  the 
order  of  the  m^el  (number  of  operating  points  taken  into  account)  is  varied  as  well  as  the  niunber 
of  the  estimated  parameters  (number  of  components  of  the  fault  vector). 

Case  1  considers  the  estimation  of  four  fault  parameters  under  one,  two  or  three  operating 
conditions.  Cases  2  and  3  consider,  successively,  five  and  eight  fault  parameters  for  two  and  three 
operating  conditions.  Case  4  considers  nine  fault  parameters  and  three  operating  conditions. 

It  can  be  seen  from  Fig. 4  that  nine  fault  parameters  can  be  estimated  only  when  all  three  ope¬ 
rating  conditions  are  used.  On  the  other  hand,  the  overall  accuracy  and  reliability  is  improved  when 
the  number  of  operating  conditions  considered  is  increasing,  for  a  given  number  of  fault  parameters. 

An  idea  the  ir.flaen.:e  of  the  measuring  accuracy  can  be  deduced  from  the  calculation  re¬ 

sults  presented  in  Fig. 5,  The  evolution  of  the  PEUI  is  presented  in  this  Figure  for  case  u»  when  the 
measurement  accuracy  varies  from  0.5  to  1.0%. 

An  interesting  feature  of  the  DOCGPA  is  demonstrated  by  the  calculation  results  presented  in 
Fig. 6.  For  cases  1  and  3,  one  or  two  measurements  were  disregarded  when  estimating  the  fault  parame¬ 
ters.  It  can  be  seen  that  using  less  measured  variables,  it  is  still  possible  to  estimate  the  required 
fault  parameters,  of  course,  with  a  loss  in  accuracy. 

In  order  to  complete  the  picture  we  can  add  that  additional  calculations  were  performed,  which 
demonstrated  that: 

a)  The  prediction  accuracy  is  not  considerably  changing,  when  different  sets  of  fault  parameters 
(the  total  number  remains  constant)  are  estimated. 

b)  The  choice  of  measurement  variables  influences  the  accuracy  of  the  estimation,  when  their 
number  is  reduced.  In  fact,  the  variables  Ni*N2  for  this  case,  cannot  be  disregarded  without 
a  dramatic  increase  in  estimation  uncertainty. 

Finally,  in  order  to  give  an  idea  about  the  estimation  accuracy  for  each  fault  parameter, 
idien  a  DOCGPA  procedure  is  used,  we  shall  consider  the  Table  5.  Row  A  of  this  Table  contains  typical 
errors  in  the  estimation  of  the  nine  fault  parameters  (Case  4).  For  the  same  number  of  operating  condi¬ 
tions,  row  B  of  Table  5  presents  the  corresponding  errors  for  Case  3  (eight  variables  are  estimated, 
that  is  the  value  of  Anf  was  considered  as  kn<xfli). 

The  variation  in  estimation  accuracy  for  each  parameter  is  evident.  It  is  worthwhile  noting  that 
changes  in  efficiency  are  estimated  more  accurately  than  the  other  parameters  (except  from  the  fan  ef¬ 
ficiency,  for  which  the  estimation  uncertaincy  level  is  unacceptably  large). 

5.  CONCLUSIONS 

A  method  named  Discrete  Operating  Conditions  Gas  Path  Analysis  was  described  above.  The  method 
is  an  extension  of  the  ordinary  Gas  Path  Analysis.  It  takes  advantage  of  the  non  linear  behavioxir  of  a 
gas  turbine  engine  and  gives  the  possibility  to  increase  infonnation  coming  out  of  a  number  of  sensors, 
which  eU(<e  positioned  on  the  engine. 

This  additional  information  may  be  used  for: 

a)  Decreasing  the  uncertainty  of  the  estimation  of  parameters,  which  are  used  for  diagnostic  pur¬ 
poses  and,  thus,  increase  the  reliability  of  the  diagnosis  itself. 

b)  Performing  a  diagnosis,  when  the  number  of  measured  quantities  is  smaller  than  the  number  of 
variables  used  for  diagnostic  purposes. 

c)  Perfoxmiing  a  check  on  the  values  of  the  measured  variables. 

The  requirements  in  order  to  render  the  DOCGPA  more  effective  are  the  following: 

a)  Realistic  modeling  of  the  engine  and  adaptation  of  the  model  to  predict  actual  engine  beha¬ 
viour  at  all  operating  conditions. 

b)  Knowledge  of  the  (ICM)  sensitivity  over  the  whole  operating  range  in  order  to  choose  the  opti¬ 
mum  testing  profile. 
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c)  Iiq)roveiDent  of  existlztg  indtznimentatiao  cbaracteriatics*  triiich  is  a  general  GPA  requirement. 

d)  Oetemination  of  mlniaiai  deteriorati^  limits  for  each  fault  parameter  so  that>  when  these 

limits  are  exceeded*  they  are  estimated  with  sufficient  accuracy. 
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Influence  Coefficient*  for  Engine  Pressure  Ratio,  ERP-l.7a, 
Sea  level  static. 


-0.U7  -0.6 


0.433  -0.933 


Table  3.  Influence  Coefficients  for  ePR-1.96  Sea  Level  static. 
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Table  4.  Influence  Coefficients  for  epR«2.00 
Altitude  35000  ft.  Mach  0.8 
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Table  5-  percent  errors  in  estlMted  fault  parameters, 

uslno  3-order  00C6PA  model. 
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FIGURE  6 


DISCUSSION 


F.  HOERL 

Which  methods  have  you  used  to  determine  observability? 

Author's  Reply: 

For  the  observability  we  use  the  standard  definition  and  the  theorems 
given  by  systems  control  theory. 

H.CIKANEK 

What  is  the  method  by  which  you  determine  your  ICM  (influence  sensi¬ 
tivity)  matrices? 

Author's  Reply: 

ICM  is  extracted  from  existing  engine  simulation  codes  by  calculating 
the  deviation  of  the  measured  variables  that  results  when  cash  fault 
parameter  is  perturbed  by  one  percent  and  the  other  parameters  remain 
unchanged. 
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SUMMARY 

The  gaa  path  analysis  (GPA)  becomes  store  and  more  an  important  method  for  the  diagnosis  of  jet  engines. 
Therefore  in  this  paper  a  fundamental  way  of  finding  the  stathematical  engine  ntodel  is  sho%m,  especially 
with  regard  to  the  adaptation  of  the  coefficients  of  Che  system  oiacrix  to  the  gradients  of  the  character¬ 
istic  curves  of  the  turbomachines. 

The  theoretical  fundamentals  are  applied  to  a  two-shaft  jet  engine.  In  order  to  test  the  method  some 
faults  in  Che  engine  are  simulated.  All  faults  are  detected  very  accurately  and  the  method  shows  by  this 
its  efficiency. 

For  practical  use  of  Che  method  also  Che  faults  of  the  measuring  device  (sensors)  are  to  be  taken  into 
consideration.  Therefore  filter  algorithms  are  outlined  to  diminish  the  stochastic  parts  of  these  faults. 

For  the  systematic  parts  (offsets)  a  special  and  new  theory  is  developed  for  compensation.  For  both  simu¬ 
lation  results  are  given  based  on  actual  test  stand  data. 


1.  INTRODUCTION 

The  high  requirements  both  in  the  civil  and  military  field  of  air  traffic*  which  may  be  characterized 
by  cite  keywords  of  "safety*  reliability,  and  economy"  have  lead  at  an  early  stag«‘  Che  development  of 
methods  of  engine  condition  monitoring. 

Back  in  the  early  thirties,  visual  Inspections  were  carried  out.  Later  on,  there  came  up  operational 
tests,  ultrasonic  tests,  and  lubricant  checks  as  well  as  vibration  analyses.  The  first  automated  diagnostic 
syatems  were  introduced  in  the  ea^ly  sixties.  Those  systems  were  designed  to  supervise  mainly  the  life  cycle 
^ of  important  engine  components  by  counting  load  cycles  and  temperature  strains.  A  detailed  compilation 
hereto  can  be  found  among  other  subjects  in  [ll.  System  theory  regarding  diagnostic  procedures  for  jet 
engines  was  first  considered  in  the  early  seventies  [2],  [3].  Those  considerations  were  based  on  steady- 
state  models  for  engine  dynamics,  having  been  obtained  from  working  procedure  data  processing.  Special 
achievements  in  that  field  have  been  contributed  by  URBAN  who  was  the  first  to  develop  analytical  programs 
which  have  stood  the  test  of  practice  and  allow  a  high-quality  diagnosis  with  the  aid  of  the  digital  com¬ 
puter.  They  are  used  with  success  for  example  by  several  airline  companies  [A],  (3]. 

Based  thereon  and  moreover  on  [6]  and  (T],  an  example  of  a  diagnostic  procedure  for  up  to  date  two- 
shaft  jet  engines  has  been  composed.  Due  to  measuring  noise  and  also  to  systematic  measuring  errors,  the 
diagnosis  comprises  the  employment  of  estimation  procedures.  Referring  hereto,  algorithms  for  state  eval¬ 
uation  are  indicated  and  checked  for  their  reliability.  Especially  for  the  systematic  sensor  errors  a  new 
theory  is  developed  which  is  outlined  in  detail  in  {8J  and  which  will  be  published  separately  in  I9]. 

2.  DEVELOPMENT  OF  MATHEMATICAL  ENGINE  MODEL 

As  stated  in  the  introductory  context,  a  diagnosis  oriented  towards  system  theory  requires  a  detailed 
model  development.  In  the  following,  this  is  elaborated  for  a  two-shaft  jet  engine,  based  on  working 
process  computations. 

2.1  Generalities 

Corresponding  to  an  up-to-date  concept  of  jet  engines,  a  modular  structure  of  the  engine  is  assumed. 

The  modules  to  be  considered  are:  the  compressors,  the  combustion  chamber,  the  turbines,  and  the  thrust 
nozzle. 

Different  characteristics  serve  at  describing  the  condition  of  those  components.  In  the  sense  of  the 
terms  related  to  control  technology,  they  are  referred  to  as  state  variables.  For  the  turbo  engines,  they 
are  efficiency  and  mass  flow  rate,  for  the  combustion  changer,  efficiency  and  relative  pressure  loss,  and 
for  the  nozzles,  efficiency  and  cross  section  of  outlet.  Those  characteristics  and  state  variables  are  not 
directly  measurable,  but  they  must  be  calculated  from  measured  values.  Those  measured  values  are  the 
pressures  and  temperatures  at  inlet  and  outlet  of  each  nx>dule,  furthermore  the  speeds  of  the  turbo  engines, 
the  fuel  flow  rate  and,  as  a  desirable  further  magnitude,  the  thrust.  If  parts  of  the  jet  engine  are  of 
variable  geometry,  the  position  indicators  describing  the  change  of  geometry  are  comprised  with  the  meas¬ 
ured  values. 

The  correlation  between  measured  values  and  state  variables  is  established  by  reference  to  thermo¬ 
dynamics  and  the  characteristics  of  the  components,  with  the  aid  of  similitude  theory.  Those  linkages  are 
in  general  non-linear,  and  procedures  of  system  theory  would  not  be  applicable  therewith.  For  that  reason, 
the  describing  equations  in  the  area  of  a  predetermined  operational  point  are  linearized,  and  only  the 
changes  in  that  working  point,  as  referred  to  nominal  state,  are  considered. 
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If  a  variable  of  state  X.  is  a  function  of  m  measure  values  Y..  the  total  differential  of  X.  is 
i  J  I 


/SX.s 
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(1) 


wherein  dYj  “  ***i  *  ^i~^iO*  nominal  state  being  identified  by  index  0, 

For  later  avaluatation as  well  as  for  generalization,  it  is  of  advantage  to  pass  over  to  non-dimens ioD> 
al  description.  This  is  reached  by  referring  the  variations  to  the  nominal  state  itself.  At  the  same  time, 
there  shall  be  considered  that  finite  deviations  A  from  the  nominal  state  are  allowed.  Herewith  Eq.  (1) 
changes  to 
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wherein 


Y.-Y.- 

■'  jo 


In  the  compressors,  direct  determination  of  the  coefficients 


corresponding  to  the  structure  of  Eq.  (2)  is  possible  and  sufficient  for  description,  as  will  be  shown  in 
the  following  section  by  the  example  of  the  compressor  efficiency.  The  reason  hereof  is  that  all  measured 
values  required  are  available  at  the  entry  and  exit  of  a  compressor. 

In  the  case  of  turbines  and  possibly  else  of  combustion  chambers  and  thrust  nozzles  mostly  not  all  of 
the  necessary  measured  values  are  realized.  This  applies  above  all  to  the  entry  temperatures  of  turbines, 
the  measurement  of  which  inevitably  leads  in  any  case  to  dubious  results  on  account  of  a  radial  temper¬ 
ature  profile  and  of  the  mixing  effects  between  main  gas  stream  and  cooling  air  stream.  Applying  the  bal¬ 
ance  of  power  for  the  corresponding  shafts  of  the  engine,  the  not  measurable  values  can,  however,  be  ob¬ 
tained  by  calculation,  based  on  the  measurable  values  in  the  compressor  portion.  It  is  true  that  hereby 
the  clear  composition  of  the  formula  is  somehow  affected. 

2.2  Efficiency  of  compressor 

The  use  of  Eq.  (2)  and  in  particular  the  calculation  of  its  coefficients  shall  be  explained  by  the 
example  of  the  compressor  efficiency. 

The  efficiency  n  of  a  compressor,  which  is  compressing  from  total  state  1  to  total  state  2,  is 
determined  under  consideration  of  the  variability  of  the  specific  heat  from  the  relation 


In  that  equation  p  is  the  pressure,  T  is  the  absolute  temperature,  h  is  the  enthalpy,  and  R  is  the  gas 
constant.  The  linkage  between  temperature  and  enthalpy  is  supplied  by  the  equation  of  definition  of  the 
specific  heat 
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With  Eq.  (4)  and  application  of  Eq.  (2)  one  gets  from  Eq.  (3) 
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This  variation  of  efficiency  has  now  still  to  be  compared  with  the  one  to  be  expected  from  the  character¬ 
istics  of  the  compressor.  This  is  necessary  because  the  diagnosis  shall  indicate  failures  as  compared  to 
a  failure-free  state,  and  not  deviations  referred  to  another  working  point  [6].  For  comparison,  the  effi¬ 
ciency  n  must  be  known  as  a  function  of  two  similarity  characteristics.  A  description  of  the  efficiency 
and  of  the  pressure  ratio  as  a  function  of  the  reduced  flow  rate  is  widely  known.  That  kind  of  reference 
is,  however,  not  so  useful  for  the  evaluation  intended  here,  because  when  employing  Eq.  (2)  it  will  become 
necessary  to  differentiate  those  characteristics.  In  the  case  of  transonic  compressors  with  vertical 
characteristics,  as  used  in  modem  jet  engines,  it  would  hereby  result  in  infinitely  high  values.  Therefore, 
the  efficiency  is  expressed  as  a  function  of  the  pressure  figure  with  the  circumferential  Mach  number  M 
as  a  parameter.  Hereby,  the  numeral  values  for  the  iifferential  quotients  of  dn/34'  and  3n/9M  remain  unique 
and  finite  [7]. 
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Utiiis  the  equetiou  of  definition  for  the  two  eiailerity  pereaetere 
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with  u  «•  the  circuafereotial  speed  of  reference,  which  is  proportions!  to  the  rotetione!  epeed  n,  one 
obtains  the  difference  between  the  efficiency  of  a  co^ressor  found  by  neasuring  and  the  one  to  be  expected 
according  to  the  characteristics,  in  a  non-diasnsional  description  for  finite  differences 
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Now  there  are  sec  dn/n  ■  Ax  and  Ap^/p.  *  Ay  An/n  ■Ay^,so  that  Bq.  (8)  corresponds  to  the  general 

description  of  Eq.  (2),  and  the  correlation  between  the  variables  of  state  Ax^  and  the  sMasured  values 
dyj>  as  searched  for,  is  estsblished.  The  description  in  Che  form  of  Eq.  (6)  is  similar  for  all 

state  variables  of  a  jet  engine,  but  in  most  cases  its  structure  is  of  much  greater  volume. 


In  the  coefficients  a^j  belonging  to  the  measured  values  in  Bq.  (6),  there  are  to  be  considered  be* 
aides  the  gas  properties  <R  and  c  }  and  the  state  of  the  medium  of  operation  upstream  and  downstream  of  the 
compressor  (p^  T. ,  P2§  “^2^  the^gradients  of  the  characteristic  curves  dn/3^  and  dn/SM  to  be  taken  from 
the  map  of  characteristics.  Finding  chose  values  at  the  required  accuracy  causes  sometimes  certain  diffi¬ 
culties.  By  calculation,  they  can,  however,  be  found  precisely  enough  by  a  few  test  runs  of  the  engine. 


2.3  Two-shaft  jet  engine 


The  considerations  of  the  foregoing  section  shall  be  applied  to  a  two-shsft  jet  engine  with  by-pass 
and  fixed  geometry.  Generel  structure  and  sections  of  Che  m^ules  are  shown  in  Fig.  The  jet  engine  thus 
comprises  seven  m^ules: 


Module  1: 
Module  2: 
Module  3: 
Module  4: 
Module  5: 
Module  6: 
Module  7: 


Low  pressure  compressor  (LK). 
Compressor  case  -  transition  piece. 
High  pressure  compressor  (HPC). 
Combustion  chamber  (CC). 

High  pressure  turbine  (KPT). 

Low  pressure  turbine  rotor  (LPT). 
Turbine  case. 


The  procedure  of  diagnosis  has  now  to  be  ar¬ 
ranged  in  a  way  that  a  defective  module  is  detected. 
The  precondition  is  that  the  state  variables  are  se¬ 
lected  to  describe  sufficiently,  either  single  or  in 
groups,  the  physical  state  of  each  separate  module. 
There  are  selected; 


Module  1 : 

Module  2: 
Module  3: 

Nodule  4: 
Module  5: 

Module  6: 

Module  7: 


Mass  flow  rate  m^ , 

efficiency  of  the  low  pressure  Fig.  1  Cross  section  with  denotations  for  s  two-shsft 

compressor  n^.  jet  engine. 

Ring  area  Ag. 

Mass  flow  rate  m^, 

efficiency  of  the  high  pressure  compreaaor  r\y 
Combustion  chafld>er  efficiency 
Hass  flow  rate  m3, 

efficiency  of  the  high  pressure  turbine  n^. 

Hass  flow  rate  m^, 

efficiency  of  the  low  pressure  turbine 
Outlet  area  A^. 


Additionally;  Thrust  F  (as  the  esse  may  be,  for  module  2  as  well). 
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Correspoiuiing  to  the  former  designetione  (state  variables),  the  followiog  order  is  set: 


n,.  X 


10 


n,.  mj,  .ij, 

*7'  *11  ■  *8’  *12  ■  *■ 


c,  X,  •  He.  X,  ■ 


This  means  that  n  *  12  state  variables  are  available  for  diagnosis .  For  selection  from  to  X^2» 
criteria  detailed  belov  are  of  significance. 


Modules  1,  3,  5  and  6  are  turbomachinery.  Those  are  characteriaed  particularly  well  by  efficiency  n- 
and  mass  flow  m£.  The  use  of  both  the  efficiency  atwl  the  mass  flow  has  been  provided  because  disturbances 

are  imaginable*  which  concern  just  one  of  the  two  state  variables.  For  example  it  is  possible  that  a  defec¬ 

tive  or  a  missing  blade  is  perceptible  only  by  fluid  flow  capacity*  i.e.  in  mass  flow,  without  any  notable 
change  of  efficiency.  Therefore*  the  combined  evaluation  of  efficiency  and  mass  flow  provides  in  any  case 
a  reliable  statement  on  the  working  state  of  the  engine  module  concerned  (LP,  HP  compressor;  HP,  LP  turbine) 

Module  4  -  combustion  chamber  -  is  evaluated  by  its  efficiency  only*  because  there  is  to  be  expec¬ 
ted  that  in  case  of  disturbances*  e.g.  asymetric  distribution  or  changes  of  cooling  air  flow,  the  effi¬ 

ciency  will  be  influenced,  k  similar  additional  evaluation*  such  as  in  case  of  the  turbomachinery  by  mass 
flow,  could  be  realized  by  supervising  and  caa4>uting  the  pressure  loss.  As*  in  general,  no  measuring  point 
has  been  provided  to  that  purpose  in  the  hardware  of  the  jet  engine*  this  procedure  must  be  desisted  from. 
Anyhow,  it  may  be  assumed  chat  variations  in  efficiency  will  describe  sufficiently  the  combustion  chamber 
for  the  purpose  of  diagnosis. 


For  module  2*  only  the  ring  area  Ag  is  available  as  a  state  variable.  It  allows,  however,  only  a  lim¬ 
ited  statement  on  functioning  of  this  module.  From  the  point  of  view  of  fluid  flow,  this  module  is  not  sub¬ 
ject  to  a  particular  strain.  Therefore*  this  reduced  diagnostic  stateaient  should  be  sufficient. 


For  module  7  -  the  turbine  case  -  only  the  outlet  area  kj  can  be  referred  to.  As  regards  diagnosis, 
the  same  considerations  as  chose  to  siodule  2  are  applicable. 

In  addition  to  the  state  variables  which  cen  he  clearly  attributed  to  each  of  the  indicated  modules, 
Che  thrust  value  measured  on  the  test  stand  is  also  referred  to  as  a  state  variable.  Although  it  does  not 
allow  any  direct  stateoienc  with  regard  to  a  determined  module,  nevertheless  it  provides  a  possibility  to 
check  Che  accuracy  of  Che  measured  values  and*  possibly,  an  indirect  statement  on  the  condition  of  module 
2*  i.e.  an  evaluation  of  the  dividing  ratio  between  the  primary  and  secondary  mass  flow. 

The  measured  values  Yj  muse  now  be  selected  in  a  way  allowing  the  intended  state  variables  dis¬ 
tinctly  to  be  calculable  based  thereon,  i.e.  the  relation  between  state  vector  X  «  [Xt,...,X^]^  and  the 
measuring  vector  Y  ■  [Y^,...(Ygj^  must  be  arranged  that  in  terms  of  system  theory  an  observable  problem 
will  be  presented.  For  good  conditioning  of  the  system  of  equations  to  be  set  up,  it  will,  therefore,  be 
favourable  to  make  available  such  measured  values  Y:  which  influence  as  many  states  as  possible,  i.e. 
which  will  grant  an  intense  coupling  within  the  system  of  equations.  In  detail,  the  measured  values  chosen 
are  the  following: 


1 )  Environmental  conditions; 

-  Ambient  pressure  Pq» 

-  Ambient  temperature 

The  measured  values  of  pQ  and  Tq  will  fix  the  inlet  conditions  for  the  jet  engine.  Thus  they  influence 
practically  the  overall  state  or  the  latter. 

2)  Compressor  (module  1,  module  3): 

-  Differential  pressure  q|  at  inlet* 

-  Pressure  P2  between  low  pressure  and  high  pressure  compressor, 

-  Temperature  T2  between  low  pressure  and  high  pressure  compressor, 

-  Differential  pressure  q3  downstream  of  high  pressure  compressor, 

-  Pressure  downstream  of  high  pressure  compressor, 

-  Temperature  T^  downstream  of  high  pressure  compressor. 

The  differential  pressure  q^  measured  at  inlet  provides  a  statement  on  mass  flow  through  the  jet  engine 
Herewith  nearly  all  of  the  state  variables  are  influenced  by  this  measured  value. 

Pressure  P2  and  temperature  T2  are  measured  at  the  interface  between  low  pressure  and  high  pressure 
compressor.  Whereas  pressure  p2  influences  decisively  the  compressor  efficiencies  and  mass  flow  m^  only, 
temperature  T2  concerns  nearly  all  of  the  state  variables. 

The  differential  pressure  q^  resulting  from  the  difference  between  the  total  pressure  and  the  static 
pressure  at  the  outlet  of  the  high  pressure  compressor  characterizes  mainly  the  primary  mass  flow. 

Pressure  p^  and  temperature  T^  at  the  high  pressure  compressor  outlet  influence,  except  X^  and  X2 
(low  pressure  compressor),  all  the  other  state  variables  in  question. 

3)  CoiBpressor  case  transition  piece  (module  2); 

-  Pressure  pg. 

Pressure  p.  is  measured  upstream  of  the  ring  nozzle.  It  serves  at  evaluation  of  area  Ag  and  at  calculation 
for  checking  thrust  F,  i.e.  for  the  state  variables  and  X^2* 
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4)  Co«bu«tion  ch— ber  (modul*  4); 

-  Fuel  flow 

MeMuring  of  fu«l  flow  scrvws  Minly  at  evaluacioa  of  eosbuotion  cbaaber  efficiency  n^. 

5)  Turbine  (Module  5,  Bodule  6); 

-  Preeeuce  between  bi^  preesure  end  low  preeeure  turbine, 

-  Preeeure  p^  downetren  of  low  preeeure  turbine, 

-  TeBpereture  downetreeB  of  low  preesure  turbine. 

Preeeure  pc  at  the  interface  between  high  preeeure  and  low  preeeure  turbine  eervee  eeeentielly  at  evaluation 
of  the  turbine  eection.  Though  in  sobs  jet  engines  iK»t  evailable  as  a  Beaeuring  point,  for  a  safe  diagnosis 
on  the  turbine  section  it  represents  a  particulerly  significant  Measuring  value.  ProB  the  therBodynsBic 
point  of  view,  this  is  convincing  as  for  considering  the  output  equilibriua  of  the  two  shafts  of  the  engine, 
only  the  ta^>erature  T^  can  be  obtained  at  that  point.  A  result  about  pressure  p^  is  not  obtainable  by 
recalculation. 


Pressure  p^  and  tesqierature  T5  are  iicasured  values  downstreaa  of  the  low  pressure  turbine.  Both  of 
theai  serve  at  evaluation  of  the  turbine  section. 

6)  CoBpressor/Turbine  (a»dule  I.3  ;  Module  5,6): 

*  Speed  of  low  pressure  shaft  n. , 

■>  Speed  of  high  pressure  shaft  n^. 

The  speeds  of  n^  and  n^  of  low  and  high  pressure  shafts  concern  the  state  variables  of  all  turbomachinery. 

7)  Thrust  measurement  (Module  2): 

-  Thrust  F^. 

Thrust  aeasureaent  F  serves  at  the  check  of  the  state  variable  of  thrust  F  and  possibly  at  evaluation  of 
module  2.  That  measufeaent  is  only  possible  in  case  of  diagnosis  at  the  test  stand,  in  flight  it  is  not 
available. 

In  total  there  are  thus  available  a  *  tb  oieastfred  values  based  on  the  previous  designations,  they 
are  identified  as  follows: 

’'A-Pa-  ’7  '  Ps-  '‘s  '  h' 

h  ■  Ps*  "'to  ■  "A'  ’'it  ■  ■'6’  "12  ■  Ps'  ’'u  *  ’'14  ■  ”2-  "15  ■  -V-  "16  ■  • 

If  one  now  proceeds  according  to  the  sections  2.t  and  2.2  and  establishea,  via  working  process  coaq>uting, 
the  relation  between  measured  values  and  state  variables,  referring  the  applicable  equations  to  failure- 
free  noainal  conditions  and  then  normalising  them,  one  obtains 

*  •••  *  '■i,l«,-''>'lV  . 

or  in  terBS  of  vector  and  Matrix,  respectively 

4x  •  ^*4^  4  (9b) 

By  Eq.  (9b)  the  (12,1)  dimensional  state  vector  Ax  is  linked  with  the  (16,1)  dimensional  measuring  vector 
4^.  The  system  aatrix,  therefore,  has  the  dimension  of  (12,16).  In  some  cases  it  may  be  more  suitable  to 
write  Eq.  (9b}  in  terms  of  a  real  measuring  equation.  Then 


with 


4jr  ■  C»4x  , 

c  - 


(9c) 


as  a  (16,12)  dimensional  measuring  matrix,  which  results  from  £,  from  the  righthand  side  as  a  pseudo¬ 
inverse  matrix  [10]. 


2.4  Application 

The  outlines  having  been  so  far  of  general  validity,  shall  now  be  put  into  more  concrete  terms.  The 
jet  engine  of  LARZAC  will,  therefore,  serve  as  an  example. 

In  jet  engine  diagnosis,  usually  one  applies  Eq.  <9)  to  three  different  working  points:  full  load  (FL), 
partial  load  (PL  -  approx.  75  X  of  FL),  idling  (LP).  As  a  first  step,  in  the  formulae,  the  coefficients  of 
Che  matrix  are  calculated  for  the  LARZAC  jet  engine,  aasuming  reelietie  va.ues  for  the  empirical  map 
characteristics.  In  the  case  of  full  load,  this  procedure  leads  to  matrix  ^  of  Table  1.  For  the  two  other 
load  coodiciona,  [7]  is  referred  to.  By  the  given  £,  as  an  example,  a  failure  of  -2  X  in  x^»  i.e.  in  Che 
aass  flow  of  the  low  pressure  compressor,  and  in  respectively,  i.e.  in  the  efficiency  of  the  low 
pressure  turbine,  shall  be  diagnosed.  The  corresponding  results  are  shown  in  Fig.  2  and  Fig.  3. 


Fig.  2  Diagnosis  of  an  error  in  module  t 
(flx,  -  -  2  J). 


Fig.  3  Diagnosis  of  an  error  in  module  6 
(&x«  •  -  2  Z) . 


There  are  indicated  all  the  twelve  state  variables  for  the  three  different  working  points  and  moreover 
Che  lineer  meen  values  of  the  state  variables  over  the  three  working  points.  It  can  be  seen  from  Fig.  2 
that  each  error  is  sufficiently  well  detected.  Nevertheless  there  are  still  defects  in  the  mathematical 
model*  for  in  Che  case  of  (FL),  Che  state  of  4x2  affected  and  also  in  the  further  failure^free  states, 
there  may  occur  indications  up  to  e  1  Z,  which  should  not  exist.  This  becomes  even  more  obvious  in  Fig.  3, 
where  Che  detection  in  state  4xg  is  useful  only  under  a  qualitative  aspect  and  the  "basic  noise"  of  the 
failure-f ree  states  attains  roughly  the  range  of  ^  1  Z.  This  behaviour  is  founded  on  an  inaccurate  deter* 
mination  of  matrix  in  particular  with  regard  to  the  partial  derivatives  of  the  empirical  map  charac* 
teristics  as  mentioned  in  section  2.2.  It  is*  therefore*  recomnendable  to  readjust  the  system  matrix 
This  can  be  carried  out  by  a  procedure  at  a  mathematical  model  of  a  jet  engine,  at  which  prescribed  errors 
are  simulated.  The  way  of  proceeding  is  as  follows: 

A  detailed  analysis  of  the  12  equations  (9a)  shows  that  their  coefficients  .  for  the  first  eight 
equations  are  of  Che  type  of  ’ 


q.  .  •  a.  .  ♦  b.  .*0.  ♦  c.  .’c.  .  i"1,.... 


where  a^^ 
known  gra 


i  i*  ^i  j*  ^i  j  accurately  known  figures*  whereas  o^  and  e£  are  the  rather  inaccurately 

raoients  of  the  map  characteristics  (cf.  Eq.  (8)). 


16  16  16 
a.  ■  >  a.  .’4y.  ,  b.  ■  b.  .•Ay.,  c.  *3  c.  .‘Ay. 
I  t.J  J  >•  i.J  J  t  J 


Eq.  (9a)  can  then  be  rewritten  as 


If  now  failure*free  measurements  of  dy^  are  assumed*  the  case  without  model  defects  is  described  as 
''*1,0  ’  “i  * 

or  the  model  defects  themselves  result  from  the  difference  of  Eq.  (12)  and  Eq.  (13a)  in 
(Ax,-4x.y  -  b..{p.-p.  „)  .  „)  . 

By  the  linear  approximation  of 


p.  ♦  Ap. 


i.O 


e,  ♦  Ae. 
i  1 


(Ha) 
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««  mil  «•  by 


«&*.  -  Aa.  -  A*.  Q  (14b) 

Eq.  (13b)  results  in 

AAxj^  •  l*£*Ap.  +  .  (t4c) 


If  now  in  the  jst  engine  andel  k  ^  2  different  erfors  ere  siaulsced,  Sq.  (14c)  passes  over  to  the  super¬ 
posed  equation  systea  of 


(15) 


with  A6x.  as  the  (k,1)  diaensional  aodel  defect  vector  and  ^  as  the  (k»2)  diaensional  "aeasurittg"  aatrix. 
For  the~^orrections  of  Ap^  and  Ac^  one  obtains  then  at  once  froa  Eq.  (15) 


(yT.Y.)"'-yT-«4x.  ,  i-1 . 8  . 

—1  —I  —1  —1  * 


(16) 


By  Eq.  (14a)  iaproved  paraaetera  of  end  cen  herewith  be  detemioded»  and  theyyield^by  Eq.  (10), 

iaproved  eleaents  of  q^  ^  for  systea  aatrix  ^  in  Eq.  (9). 


Table  2  Iaproved  system  aatrix  £  for  the  load  state  of  full  load  (FL). 


B  ■  punui.  lao  B  « aw  vuc  B  -  rwna  low  B  * 


Fig.  4  Diagnosis  of  an  error  in  module  1  Fig.  5  Diagnosis  of  an  error  in  nodule  6 

(Ax^  •  -  2  Z)  for  iaproved  model.  *  -  2  Z)  for  improved  aodel. 

The  procedure  described  was  carried  out  for  k  "  20  error  siaulation  runs  and  has  made  available  the 

new  iaproved  systea  matrix  ^  in  Table  2.  The  corresponding  error  detection  of  Fig.  2  and  Fig.  3  with  the 

new  ^  is  shown  in  Fig.  4  and  Fig.  3.  The  coaparison  between  Figures  2  and  4  clearly  evidences  that  the 

affection  of  6X2  in  the  case  of  (FL)  has  been  eliainated  and  that  also  the  other  failure-free  states  are 

situated  distinctly  below  ^  1  Z.  In  Fig.  S,  the  diagnosis  of  state  Axg  is  near  also  quantitatively  useful, 
the  "basic  noise"  of  the  failure-free  states  has  remained  in  its  order  of  suignitude.  There  is  to  be  noted 
that  the  taeasuring  technology  used  for  the  error  siaulation  runs  has  an  accuracy  of  ^  1  Z  only  with  regard 
to  the  Ax.,  i.e.  the  validation  of  the  nathenatical  model  can  then  on  principle  not  l»e  more  accurate  than 
that  valui. 

The  used  procedure  of  readjusting  the  systeai  Beatrix  i.e.  solution  of  Eq.  (15),  is  nothing  else 
than  proceeding  in  terns  of  mininising  according  to  the  least  squares  nethod.  If  you  refer  to  the  freighted 
version  of  the  procedure  [II],  Eq.  (16)  passes  over  to 
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(yT.W. .Y.)“’ ‘yT-M. ‘fiAx. 


(17) 


Herein  W.  •  diagCvjj),  is  a  (k,k)  duaenaional  veighcing  iiatrix,  through  which  particular  simula¬ 

tion  runi  with  sensor  errors,  which  are  sure  precisely  known  chan  others,  can  be  weighted  more  intensely. 
This  leads  to  a  further  improveaMnt  of  accuracy  of  the  model,  i.e.  to  still  more  qualified  system  ma¬ 
trices  If,  however,  the  physical  basis  of  modelling  is  deficient  to  an  extent  that  the  linear  approxi¬ 
mation  of  Eq.  (14a)  will  not  be  good  enough,  one  may  use  for  iteration  Eq.  (16)  or  (17).  In  general  two 
iterations  will  do  to  achieve  a  model  accuracy  below  ^  1  Z. 


The  procedure  outlined  above  for  the  improvement  of  Che  mathematical  engine  model  says  nothing  by  now 
regarding  the  last  four  equations  of  Eq.  (9a).  These  equations  are  independent  of  the  gradients  of  the  map 
characteristics,  and  the  coefficients  q^  j  are  pure  constants.  Nevertheless,  they  can  be  Included  in  an 
algorithm  for  improvement.  The  procedure*is  a  little  bit  different  from  chat  given  for  the  first  eight 
equations.  Details  for  this  are  outlined  in  [7)  and  in  [12]. 


The  corrections  Ap^  and  Ae^  obtained  from  Eq.  (16)  and  Eq.  (17)  are  so  large  in  some  cases  that  Che 
new  gradients  in  Eq.  (I4a)  are  outside  of  their  physical  meanings.  In  order  to  avoid  this  the  calculation 
procedure  for  Ap^  and  Ae^  has  to  be  modified  in  such  a  way  that  Ap^  and  Ac£  are  constrained.  This  can  be 
done  by  introducing  penalty  functions.  By  this  the  calculation  procedure  becomes  nonlinear,  thus  requiring 
an  iterative  solution.  For  this  a  comprehensive  computer  program  is  developed  published  in  [13].  The  pro¬ 
gram  is  suitable  for  engines  with  any  n  and  any  m  state  and  measurement  variables,  respectively.  Addition¬ 
ally,  the  case  of  any  p  equations  independent  of  Che  gradients  of  the  map  characteristics  is  considered. 
One  can  say  that  with  this  computer  program  an  automated  modelling  for  any  class  of  modem  jet  engines  can 
be  achieved. 


3.  ESTIMATION  OF  STATE 

The  model  shows  the  relation  between  the  state  vector  Ax  and  Che  measurement  vector  A^  by  the  struc¬ 
ture  of  Eq.  (9b)  and,  derived  from  there,  by  Eq.  (9c).  If  A^  is  known.  Ax  can,  therefore,  be  found  inmie- 
diateley  from  Eqs.  (9),  as  has  been  practised  before.  The  asauaiption  in  chat  case  is,  however,  that  is 
free  of  failures.  As  this  is  not  Che  rule,  Eq.  (9b)  has  in  fact  to  be  written  as  follows: 

Ax  **  5*(A2^  "  ^  fi(Aj|r)]  (18a) 

and  Eq.  C9c)  goes  over  in 

A^  ■  *  Z  *  *  (I8b) 

Hermin,  the  (16,1)  dimensional  vector  v  considers  Che  measuring  noise  in  A^.  By  the  (16,1)  dimensional 
vector  d(A^)  systematic  sensor  errors  are  described  in  A^,  which  have  been  caused  by  d.ift  of  the  sero 
point  for  example.  As  v  and  A(A^)  are  unknown,  now  Ax  can  no  more  be  determined  directly  from  (18).  Conse¬ 
quently,  an  estimation  algorithm  has  to  be  applied,  which  allows  for  Ax,  with  reference  to  the  algorithm 
used,  the  best  possible  estimation  of  Ax.  As  in  that  context  stochastic  and  deterministic  (systematic) 
sensor  errors  must  be  created  distlncCly,  Tn  the  following  at  first  A(A;^)  is  set  to  zero  and  only  v  will 
be  considered. 

3.1  Stochastic  sensor  errors 

If  only  stochastic  sensor  errors  (noise)  occur  with  v,  Eq,  (I8b)  is  written  as  follows: 

■**  Z 

A  general  way  of  estimating  Ax  by  can  now  be  taken  from 

ii  -  b  +  .  (20) 

Here  we  first  assume  chat  only  one  single  measurement  vector  A^  exists,  which  means  that  the  estimation 
by  Eq.  (20)  is  based  on  a  so-called  "snapshot". 

According  to  selections  of  vector  b  as  well  as  of  matrices  A  and  B,  various  procedures  of  estimation 
being  kno«m  in  literature  (111  result  from  Eq.  (20),  If  for  example  b  *  0  and  £  *  0,  there  results  with 
A  -  G  ■  dLag(g.j)  the  estimation  of 

Ax  -  (C^-G-C)"’-C^-G-Ai  ,  (21) 

i.e,  the  weighted  minimation  of  error  by  the  least  squares  method  (WLS)  also  referred  to  in  Eq.  (17), 
which  for  G  ■  g*^*  8  ”  const,  passes  over  into  its  un%reighted  version.  The  estimator  described  by  Eq.  (21) 
ia  swat  easy.  Moreover  it  has  the  advantage  chat  nothing  else  has  to  be  known  about  the  noise  vector  v  but 
the  mean  value  freedom  of  its  components.  In  case  you  know  additionally  that  the  realizations  of  the  v 
components  are  normally  distributed,  you  will  obtain  by  G  •  R~^  from  Eq.  (21)  the  Maximum  Likelihood 
Estimator  (MLS),  wherein  R  ia  the  matrix  of  covariances  belonging  to  v  and  A^,  respectively.  Thus  the  esti¬ 
mators  of  (WLS)  and  of  (MLS)  distinguish  themselves  formally  only  by  the  choice  of  their  weighting 
matrix  G. 

The  case  of  just  one  single  measurement  vector  A^  is  rare.  As  a  rule,  due  to  time-discrete  scanning, 
several  measurement  vectors  A^^,  i"l,...,r,  arise.  Assuming  that  the  model  characteristics  as  fixed  by 
measuring  matrix  C  remain  unchanged  during  scanning  from  i  ■  1  to  i  •  r,  the  measurement  vectors  A^.  lead 
to  the  estimation  of  ^ 
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4i  .  1.(c''-G.C)'’-C^-G-2I  42-  •  (22) 

That  is  th«  noo-rscurrcnt  forBulatlon  of  the  (WLS)  or  (MLS)  astlMCor,  respoctively ,  which  makes  particu¬ 
larly  clear  that  those  procedures  of  estimation  involve  a  mean  value  focmacioa  with  a  variable  weighting 
of  the  different  saavUng  chenela* 

Based  on  Eq.  (20)  ■  only  estimation  algorithms^co^^rising  no  a  priori  infomation  were  considered  so 
far  with  b  *  0  and  B  *  0.  If  for  example  with  ^  an  initial  approach  for  Ax  or  &x  is  available,  and 

with  B  •  H  a  weightTng  matrix  is  given  for  weighting  the  error  between  Ax  and  then  by 

-  ijjj  ♦  (5'^^-G-C)“''C^-G-{42-G-4io)  (23) 

an  estimation  according  to  the  extended  weighted  minimatiem  of  error  by  the  least  squares  method  (EVLS) 
is  described  [tl].  ^art  from  the  requiresMnt  of  mean  value  freedom  of  the  components  of  v,  also  for 
application  of  Eq.  (23),  no  other  conditions  are  claimed.  However,  in  ease  there  exists  the  additional  in¬ 
formation  that  V  and  Ax  are  normally  distributed  and  the  mean  value  of  Ax  is  available  by  b  -  x,  with 
M  «  and  G  ■  the  (EULS)  estimator  of  Eq.  (23)  passes  over  into  the  Bayes  Estimator  Tbs) 

-  4i  ♦  (P"*'^''-R"’-C)*'.c’^-jr’(4£-C-4i)  .  (24) 

Herein  -  as  formerly  in  the  (MLS)  estiamtor  *  B  is  the  matrix  of  covariances  of  v  and  A^,  and  P  is  the  cor¬ 
responding  covariance  matrix  of  the  error  in  Ax  or  of  Ax  itaelf,  respectively.  There  can  ba  expected  that 
eatimators  of  tha  type  of  Eqs.^(23)  and  (24)  wTll  lead  to  more  efficient  reaulta  than  choae  obtainable  by 
Eq.  (21),  provided  that  with  Aa^  and  M  or  ^  and  P  adequate  a  priori  information  can  be  mede  availeble.  Of 
course,  also  in  Eqs.  (23)  and  T^4),  there  exist  several  measurement  vectors  i»1,...,r,  suitable  for 

determination  of  If  one  assumea  again  chat  Che  model  charecteriscics  resuin  unchanged  during  generation 
of  A2j^  i.e.  Chat  measuring  matrix  £  ia  eonatant,  for  thia  case  Eq.  (23)  becomes 

4*  -  (l-M.c’' •£•£)*’. (~M.4^  ♦  A£.)  .  (25) 

”  x»l 

As  an  analogy  to  Eq.  (22),  this  is  the  non-recurrent  version  of  the  (EULS)  estimator  or,  for  A^  -  Ax  and 
K  ■  of  the  (BS)  estimator.  Prom  Eq.  (25)  it  appears  with  particular  clearness  that  signif icsnce‘"of  the 

TewLS)  end  (BS)  estimators,  as  compared  to  the  (WLS)  and  (MLS)  estimators,  refers  to  low  values  of  r.  For 
high  values  of  r,  there  results 

!.«  «  C^-G-C  ,  7-5-A5o  •  (25«) 

if  A£  is  the  vector  of  Che  isesn  velues  Ayj,  from  the  individual  measurements  Ay^j,  i.e.  Eq. 

<2S)  is  in  the  limiting  case  identical  Co  Eq.  (22).  It  may  be  sunamrited  that  we  can  assume  to  be  able, 
in  case  of  good  a  priori  information  in  A^  and  M,  to  reduce  substantially  the  number  r  of  the  measurement 
vectors  CO  be  treeted  in  order  to  obtain  a  determined  eccuracy  in  the  state  estimation. 

In  order  to  be  able  to  judge  the  efficiency  of  Che  estimators  in  Eq.  (22)  and  in  Eq.  (25)  they  are 
applied  CO  the  example  given  in  Fig.  4,  in  which  an  error  of  Ax^  *  -  0,02  (-2  E)  has  to  be  diagnosed.  As 
a  reference  for  judgement,  Che  error  scale  of 

is  used,  in  which  Ax^  q  are  the  sec  states  and  Ax{(r) 
are  the  real  states,  ^ia  the  squared  mean  value  etr) 

Che  behaviour  of  convergence  of  the  estimator  is 
described.  Furthermore  e(r'»«)  yields  a  scale  for 
model  accuracy.  Pig.  6  shows  tor  Che  case  of  full 
load  (FL)  Che  course  of  e(r)  for  the  two  different 
standard  deviations  of  o  -  10"^  and  10~^.  It  was  as¬ 
sumed  that  all  of  the  16  sensors  are  subject  to  the 
same  standard  deviation  and  chat,  therefore,  the 
(lfi.S)  estimator  passes  over  into  an  unweighted  (WLS) 
estimator.  The  taken  choice  of  a  means  in  consequence 
of  Che  standardised  Eq.  (19)  as  noise  of  either  10  Z, 
or  1  X  referred  to  tha  physical  measured  values  Yi» 
j*1,...,16,  of  Eq.  (1).  In  detail  Fig.  6  points  one 
that  the  (EWLS)  estimator  in  comparison  to  the  (WLS) 
estimator  is  throughout  fatter  in  the  convergence. 

Both  estimators  meet  Che  expectations  which  means 
chat  both  eatimators  are  consistent  -  as  known  from 
litarature  [11]. 


The  difficulty  in  applying  estimators  with  a 
priori  information  is  due  to  selection  end  knowledge 
of  chat  information  itself.  In  the  present  case  of 
error  detection  it  seestf  useful  to  set  A^  to  sero, 
i.e.  to  take  the  failure-free  state  as  an  a  priori 
information.  Fixation  of  the  weighting  matrix  H  or 
wi  the  covariance  matrix  P  is  more  difficult.  Whereas 
in  case  of  G  end  R  the  choice  of  diagonal  matrices 
seems  logical,  since  one  can  suppose  chat  the  meas- 


(26) 


Fig.  6  Filter  resulta  for  the  example  of  Fig.  4. 
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ureawnts  &yj,  are  uncorrelated*  there  will  certainly  be  correlatiooa  between  the  varioua 

states  This  sieans  covariances  different  from  sero  in  ?  and  herewith  fully  filled-in  ma¬ 
trices  of  jP  or  N,  respectively.  As  the  covariances  are  not  known*  M  has  here  been  used  also  as  a  diagonal 

matrix.  By" siwilation  it  was  found  that  for  the  example  of  Fig.  6  it  is  suitable  to  set  M  -  diagCm^p; 

*ii  "  value,  results  from  an  easy  coordination  by  outers  to  in  the  first  bracket  of 

Eq.  (25)  and  is  valid  also  for  errors  to  be  diagnosed  in  other  states  Ax^,  If  the  measuring  matrix  C» 
however*  changes  for  example  due  to  another  case  of  load*  M  must  be  newly  found.  This  makes  evident  that 
the  use  of  Eq.  (25)  is  likely  to  put  some  problems*  at  least  the  fixing  of  M  may  require  lasting  prepara¬ 
tory  work. 

3.2  Systematic  sensor  errors 

Systematic  sensor  errors  exceeding  the  introductory  remarks  of  chapter  three  have  not  been  treated 
so  far  with  regard  to  jet  engine  diagnosis.  This  shall  be  done  now. 

In  Eq.  (18)  systematic  sensor  errors  were  modelled  by  means  of  vector  £(A^).  In  fact*  6(A^)  comprises 

further  iw^el  defects*  coo*  as  can  be  gathered  from  Fig.  4  and  Fig.  5  fdr  example.  Before  a  detailed  cal¬ 

culation  is  carried  out*  there  are  to  be  oieotioned  some  matters  of  principle  regarding  the  detection  of 
systematic  sensor  errors.  Considering  the  historical  development*  hardware  solutions*  by  which  a  technical 
redundancy  was  generated  by  several  sensors*  have  been  of  prime  interest  so  far.  This  way  of  proceeding  is 
of  high  expenditure  regarding  work  and  cost.  Also  in  consequence  of  high  weight*  among  other  subjects,  for 
aircraft  jet  engines  its  use  is  possible  in  rare  exceptional  cases  only.  Procedures  with  analytical  redun¬ 
dancy*  in  which  sensor  errors  are  determined  by  software*  via  appropriate  algorithms  of  detection*  are  more 
favourable  in  this  aspect.  A  detailed  survey  to  the  subject  is  to  be  found  in  [14].  According  thereto*  at 
the  present  state  of  the  art*  three  different  ways  of  proceeding  for  detection  of  sensor  errors  are  used* 
i.e.  detection  by  error  sensitive  filters,  by  multiple  hypothesis  filters  and  by  innovative  filters.  In 
the  case  of  error  sensitive  filters,  the  method  of  state  vector  extension  has  proved  particularly  suc¬ 
cessful.  It  is  suitable  for  detection  of  model  defects  and  of  systematic  sensor  errors.  Compared  to  other 
methods  it  has  the  advantage  of  finding  out  alao  creeping  errors*  such  as  those  occurring  by  ageing.  The 
drawback  is  that  the  determination  of  errors  Iscks  observability.  The  multiple  hypothesis  filters  are  based 
in  general  on  bancs  of  filters  and  observers,  respectively.  The  filter  which  shall  detect  an  error  will 
be  especially  sensitized  with  regard  to  that  error*  in  relation  to  the  other  filters.  Thereupon*  in  a 
decision  logic*  the  results  of  the  estimates  produced  under  different  hypotheses  are  evaluated.  This  may 
for  example  take  place  via  the  reaiduea  belonging  to  the  estimators  [I5l.  The  method,  which  on  principle 
is  effective*  requires  a  high  expenditure  of  software  and  has  the  drawback  that  only  such  senaor  errors 
are  detected  that  occur  during  data  monitoring.  A  priori  errors  are  not  discoverd.  Innovative  filters  have 
the  saise  drawback,  and  moreover  they  only  respond  to  errors  in  form  of  jumps.  It  is  true  thst  regarding 
their  expenditure  they  are  more  favourable  chan  multiple  hypothesis  filters.  When  using  Innovative  filters, 
error  detection  ia  reached  by  Che  aid  of  statistical  teats*  in  whi<'h  employment  of  a  generalizing 
likelihood  ratio  has  proved  useful  [16]. 

The  systematic  sensor  errors  contained  in  6(4^)  shall  now  be  detensinded  in  detail  by  the  method  of 
state  vector  extension  in  ccn!d>ination  with  a  hypothesis  test.  To  that  purpose  one  takes  recourse  to  Eq.  (18), 
and  it  is  assumed  that  all  stochastic  components  of  error  v  are  eliminated.  Then  Ax  and  6(A^)  are  unknown 
in  Eq.  (18).  Thus  the  (16,1)  dimensional  measurement  vector  A^  allows  besides  the  determination  of  the 
(12*1)  dimensional  state  vector  Ax  additionally  thfe  determination  of  four  components  of  SfA^.)  at  maximum, 
if  Eq.  (18b)  for  determination  of  6(^2)  used.  In  the  case  of  Eq.  (18a)  first  no  sensor  error  can  be 
determined. 


For  reasons  of  generality  it  is  now  assumed  that  a  sensors  are  present  and  that  the  number  of  sensor 
errors  is  k  ^  m.  If  these  errors  are  pure  offsets  and  this  is  supposed*  then  they  can  be  modelled  by 


6(A^)  •  G*£ 


(27) 


In  Eq.  (27)  G  is  a  (m,k)  disenaional  weighting  matrix  and  s  is  the  (k,1)  dimensional  vector  of  the  sensor 
errors.  Using  Eq,  (I8b)  in  combination  with  Eq.  (27)  one  gets 


(C  :  G]' 


8 


(28) 


From  this  follows  for  the  (n*1)  dimensional  state 

and  for  the  sensor  errors 


(29a) 


(29b) 


where  with 

G  -  C^'G-(G^'G)'’-G^ 

a  (n,m)  dimensional  auxiliary  matrix  is  introduced.  Under  the  a88u8q>tion  of  maximal  rank  of  C  in  Eq.  (28) 
k  •  m  -  n  sensor  errors  are  admissible.  In  relation  to  the  jet  engine  there  are  several  vorkTng  points 
available.  If  the  number  of  working  points  is  r  and  the  normalization  of  the  sieasurement  equation  is  done 
in  such  a  way  that  one  gets  in  each  working  point  the  aame  state  vector  Ax,  it  then  follows  from  Eq.  (t8b) 

A^  -  C.'Ax  ,  i-1*,.,,r  (30) 

for  the  sensor  error-free  case.  If  one  now  normalizes  the  sensor  errors  on  the  working  point  1  (arbitrarily 
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chosen)  it  is 


sod  with  Bq.  (27) 


d(d^)-N.*G's  , 

The  BMtrices  i*1|...,r,  in  (31)  src  (n.a)  diaensioosl  noraslitstion  astrices  with  N.  ■  1.  If 
puts  together'^qs.  (30)  and  Eqs.  (31)  one  gets 


(H  -G)  Li  J 


The  solution  of  Eq.  (32)  is 


-  [2:  '-f:  . 

•■K-l  l«l 

•  -  f^I  (N.-G)^-<M.-G)|  -5“  <K.-G)’’-(Ay.-C.-4x) 

\.-pl  -i-  -J  -  J  -1  - 


Siailar  to  G  in  Eq.  (29a)  now  tha  auxiliary  matricea  Q.  are  defined  by 


r  .  r  r  _  1-1  . 

a.  -  ^  c‘  (H  -G)-  XI  '(H.-G)*  . 

-i-  -i-  i 


Because  of  the  several  working  points  r,  now  the  sdaissible  nuaber  k  of  sensor  errors  is 
k  ^  c*a-n  . 

For  k"n«  i.e.  all  a  sensors  have  offsets. 


working  points  are  necessary.  In  the  other  case  with  k  •  0  it  is 


By  this  it  is  seen  that  the  nuaber  r  of  working  points  reduces  the  nuaber  of  sensors  a  in  order  to  solve 
the  diagnosis  problea,  the  solution  of  which  is  the  state  vector  &x.  If  one  takes  into  account  Eq.  (18a) 
a  siailar  theory  with  siailar  results  can  be  found.  This  case  it  is  referred  to  in  [9). 

For  k  ■  a  the  diagnosis  problea  is  completely  solved  by  Eq.  (33).  However,  generally  it  is  k  <  a 
and  because  of  this  it  is  not  known  how  to  choose  the  weighting  aatrix  G  and  how  the  niasber  k.  Therefore 
Eq.  (33)  now  is  coabined  with  a  hypothesis  test.  If  one  assumes  that  with  k  ■  1  only  one  sensor  error  is 
present  then  one  has  with  q"1,...,a,  a  nuaber  of  h  •  a  hypotheses  that  in  one  of  the  a  sensors  is  an 

error  or  not.  If  we  have  two  sensor  errors,  then  there  exist 

al 

''  ■  f-  G^-Tyr 

hypotheses  p«2,...,a:  q*t , . . . ,m-1 ,  and  for  an  arbitrary  number  k  it  is 


for  the  hypotheses  Hp  p-2,...,a;  q«1 . .a-t-l-k.  As  decision  criterion  for  the  different  hypoth¬ 

eses  Eq.  (30)  can  be  use^!  This  equation  namely  bases  on  the  fact  that  in  a  sensor  error-free  case  the 
state  is  always  Ax.  If  sensor  errors  are  present  this  cannot  be  true  anymore.  This  can  be  taken  into  math¬ 
ematical  equations  in  the  following  way:  For  each  hypothesis  IC  _  there  exist  for  r  working  points  r 
state  vectors  (Ax_  ),,  i«1,...,r,  which  have  a  vector  of  alan*4alues 

Pi . • . iq  i 


To  this  and  to  the  different  (Ax 
has  the  trace 


).  belongs  a  (n,n)  diaensional  covariance  aatrix  R 
*91  “Pi 


trace  R 
“P. 


-  >  [(Ax. 

-1  j.p. 


) .-(Ax. 

.9  1  J.Pi 
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Thereby  the  index  j  in  Eq.  (37)  denotee  the  ca^>onente  of  the  vector*  and  (dx^ 

respectively.  If  there  ere  no  sensor  error*  eveileble  it  is  dx.  •  dx  -  "P**-***! 

trace  R  "  trace  R  ■  0  .  (36) 

This  is  also  the  case  for  a  correct  choice  of  the  hypothesis  Hp  that  naans  when  the  sensor  errors 

are  placed  in  the  right  sensors.  In  the  practical  realisation  c&e  condition  of  Eq.  (38)  will  be  fulfilled 
only  approxinately  because  of  the  fact  that  there  are  snail  nodel  defects  yet.  Nevertheless,  the  relating 
trace  vill  becone  very  snail.  The  task  of  finding  the  correct  hypothesis  therefore  finally  consists  in 
detecting  the  miniwjn 


min  (trace  R  )  .  (39) 

-p,.,.,q 

P...-.q 

Eq.  (39)  delivers  the  right  conbination  of  sensors  in  which  errors  are  present. 

For  this  an  example:  In  [8]  a  reduced  nodel  of  the  two-shaft  jet  engine  LARZAC  with  n  ■  9  state  and 
n  *  13  neasurenent  variables  is  considered.  In  this  model  an  error  of  1  I  is  simulated  related  to  the 
measurement  value  in  the  sensor  7  which  measures  the  temperature  behind  the  high  pressure  compressor.  The 


traces  ^  of  the  13  sensors  are  given  in  Fig.  7  and 
in  an  impressive  manner. 


Fig.  7  Detection  of  sensor  errors  in  the  case  of 
one  defective  sensor. 


can  be  seen  that  the  defective  sensor  7  is  isolated 


IHpl 

•Mfor  p 


Fig.  6  Detection  of  sensor  errors  in  the  case  of 
two  defective  sensors. 


In  addition  to  Che  example  in  Fig.  7  a  second  sensor  error  in  sensor  5  is  simulated.  This  error  has 
also  a  value  of  1  I  related  to  its  measurement  value.  Sensor  5  is  Che  temperature  sensor  between  the  low 
and  the  high  pressure  compressor.  Now,  78  hypotheses  have  to  be  proven.  The  traces  ^  _  of  all  these  com¬ 
binations  are  illustrated  in  Fig.  8.  Similar  to  Fig.  7  also  in  the  case  of  two  sensor*errors  the  isola¬ 
tion  of  Che  right  sensor  error  combination  is  perfect. 


Fig.  9  Filter  results  for  stochastic  and  systematic 
sensor  errors. 


Detection  of  systematic  sensor  errors  can,  of 
course,  be  engined  with  filtering  of  noise  affected 
measuring  data  as  referred  to  in  section  3.1.  This  is 
particularly  simple  due  to  the  fact  that  a  linear 
problem  is  concerned,  and  Che  solution  of  the  two 
parts  of  the  task  will  be  achieved  by  superposition. 
To  denonstrate  this,  Che  example  of  Fig.  4  was  se¬ 
lected  to  be  simulated  for  stochastic  and  systematic 
sensor  errors  at  the  same  tiiae  by  the  aid  of  a  (ULS) 
algorithm.  For  all  sensors,  a  uniform  standard  devi¬ 
ation  of  o  •  0,01  was  fixed,  and  systematic  errors 
were  assumed  in  sensors  7  and  9.  For  sensor  9  a 
measuring  error  in  form  of  a  juoip  of  8dyq  "0,1  to 
begin  with  the  tenth  scanning  step,  and  cor  sensor  7 
^alternatively  a  measuring  error  in  form  of  a  jump  of 
'&8y^  *  0,1  or  a  growing  linear  measuring  error  of 
ddyy  •  0,1*r/50  tc'  begin  with  the  first  scanning  step 
were  set.  The  results  are  to  be  found  in  Fig.  9.  Here 
it  becomes  evident  that  the  sensor  errors  in  form  of 
a  jump  are  very  veil  detected  and  that  also  the 
linearly  variable  error  is  discoverd. 


1 
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4.  oiraooK 

la  th«  pr«««at  iave«tlg»tloa»  tb«  diagnostic  problem  is  treated  and  also  analytically  solved  by  the 
example  of  a  modem  aircraft  two»shaft  jet  engine.  A  diagnosis  is  particularly  effective  in  case  it  can  be 
made  on-line,  i.e.  in  real  time.  To  that  purpose*  for  trial  on  the  test  station,  a  TOBTRAM  diagnosis  pro¬ 
gram  fulfilling  the  mentioned  task  was  developed  [7].  For  the  future*  an  inflight  diagnosis  has  been  en- 
vis^ed.  This  requires  as  well  a  satisfactory  equipment  with  instruments  as  a  sufficiently  large  coiq>uter 
capacity  on  board  of  the  aircraft.  One  can  count  upon  that  equipment  in  future  aircraft  generations.  Then 
it  will  become  worth-while  to  reconsider  the  replacement  of  steady-state  models  by  dynamic  ones.  This  will 
provide  substantial  advantagea  regarding  the  data  available  for  a  diagnosis*  but  it  will  require  a  further 
increase  of  computer  capacity. 
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Summary 

In  order  to  ensure  the  reliability  and  safety  of  such  complex  technical  systems  as  aero-engines,  model-related 
diagnostic  techniques  must  be  applied.  The  basis  for  this  is  a  linear,  time-invariant,  dynamic  engine  state  space 
model  derived  from  system  analysis.  Due  to  the  model  order  and  the  associated  difficulties,  order  reduction 
procedures  are  used.  The  diagnostic  parameters  to  be  taken  into  account  are  integrated  into  a  dynamic  disturbance 
model.  This  disturbance  model  and  the  reduced  engine  model  form  the  extended  dynamic  engine  state  space 
model.  A  detailed  investigation  of  the  dynamic  system  for  observability  and  disturbability  is  essential.  Because 
of  measuring/process  noise  and  other  system  disturbances,  dynamic  state  estimation  methods  are  applied  in 
the  diagnosis,  whereby  the  synthesis  of  such  observer  systems  is  a  crucial  point.  The  usefulness  of  the  dynamic 
monitoring  method  is  demonstrated  on  the  example  of  a  helicopter  engine  using  computed  simulations.  A  sensitivity 
analysis  allows  the  accuracy  of  the  diagnostic  results  to  be  estimated. 

List  of  symbols 


A 

syitem  matrix 

B 

input  matrix 

C 

output  matrix 

D 

direct  connection  matrix 

Hfl 

observer  gain  matrix 

rriB 

kg/s 

fuel  mats  flow 

mr 

kg/s 

corrected  mass  flow 

n 

U/s,  U/min 

rotor  speed 

Tlr 

- 

corrected  speed 

Pi  Pt 

Pa 

pressure 

P 

iV,  kW 

shaft  power 

t 

s 

time 

T,  T, 

K 

temperature 

w 

command  signal  vector 

% 

isentropic  efficiency 

X 

eigenvalue 

a 

scatter 

MTO-0/0 

Max.  Take  Off  SLS 

MCR-0.2/1500 

Max.  Cruise  (A/o  =  0.2,  Ho  =  1500m) 

1.  Introduction 

The  increasing  power  of  advanced 

aircraft  makes  the  use  of  extensive  monitoring  systems  imperative.  Since 

recently,  assessment  of  the  costs  for  the  three  main  sections  of  an  aircraft  —  airframe,  engine  and  avionics  —  has 
no  longer  been  limited  solely  to  development  and  production  costs,  but  rather  the  life  cycle  costs  are  of  primary 
interest  to  the  aircraft  operator  /!/.  The  high  proportion  of  the  maintenance  costs  of  an  aircraft  attributable  to 
the  engine  alone  stresses  the  necessity  for  meaningful  and  reliable  engine  monitoring. 

With  the  modular  contruction  of  modern  engines,  it  is  possible,  if  suitable  diagnostic  methods  are  available,  to 
localize  disturbed  components  and  correct  the  defect  without  having  to  dismantle  the  entire  engine.  Possible 
methods  for  determining  the  condition  of  an  engine  or  for  identification  of  engine  faults  are 
e  radiography 
e  borescope  inspection 
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•  lube  oil  system  monitoring 
e  life  cycle  monitoring 

e  vibration  engine  monitoring 
a  thermodynamic  engine  monitoring 

The  actual  problem  in  the  diagnosis  of  component  faults  which  alter  the  thermodynamic  cycle  is  that  the  flow 
parameters  and  the  parameters  characterizing  the  conditions  of  the  individual  components  have  a  very  complex 
aerothermodynamic  relationship  to  each  other  via  the  flow  in  the  gas  path  of  an  engine.  Therefore,  a  useful  engine 
model  must  also  be  capable  of  taking  into  account  the  changes  due  to  damage  and  defects  besides  the  actual 
dynamics  of  the  engine.  The  addition  of  the  engine  dynamics  to  the  system  description  permits  fault  diagnosis 
even  in  dynamic  operation. 

It  is  possible  to  make  a  direct  statement  on  component  faults  if  the  deviations  from  the  specified  operating  be¬ 
haviour  of  the  components  can  be  determined  quantitatively.  This  requires  in  particular  module-specific  parameters 
which  relate  the  generated  disturbances  in  engine  behaviour  to  a  component,  and  which  are  independent  of  oper¬ 
ating  point  shifts,  changes  in  the  internal  engine  geometry  and  external  margin  conditions.  System  failures  with 
short-term  causes  such  as  mechanical  or  thermal  overload,  or  those  which  arise  in  the  long  term  due  to  fouling 
and  wear,  are  equivalent  to  changes  in  the  component  parameters.  In  contrast  to  most  component  parameters, 
e.g.  efficiency  and  mass  flow,  functional  parameters  are,  in  principle,  measurable,  although  this  is  not  possible  in 
certain  cases,  or  only  with  insufficient  accuracy,  for  purely  technical  reasons.  Since  defects  in  main  path  compo¬ 
nents  affect  the  thermodynamic  characteristics,  the  changes,  or  the  measurable  characteristics,  are  themselves  the 
starting  point  for  determining  the  component  faults  that  caused  them.  The  "diagnostic  task"  of  thermodynamic 
engine  monitoring  is  illustrated  in  Figure  1. 

2.  Dynamic  Engine  Model 

The  prerequisite  for  system-theory  orientated  fault  diagnosis  in  complex  technical  systems  is  a  comprehensive 
mathematical  process  model.  In  order  to  include  dynamic  operation  in  the  monitoring,  the  system  dynamics  must 
be  accounted  for  in  the  model.  Furthermore,  the  quantitative  examination  of  a  dynamic  system,  be  it  only  a 
simulation,  a  theoretical  analysis  of  its  characteristics,  or  the  synthesis  of  a  controller  or  observer,  requires  an 
accurate  system  description. 

2.1  System  Analysis 

The  engine  model  to  be  considered  bears  great  similarity  in  its  layout  to  the  250-C20  turboshaft  engine  of  ALLISON 
GAS  TURBINES,  which  is  installed  in  a  range  of  helicopters  (e.g.  MBB  BO  105).  The  scheme  in  Figure  2  shows 
the  engine's  modular  construction  and  its  major  components. 

2.1.1  Theoretical  Modelling 

In  theoretical  model  design,  the  mathematical  engine  model  is  generated  by  way  of  the  elementary  processes  taking 
place  in  the  components,  using  technical  data  (e  g.  component  maps),  the  physical  laws  of  conservation,  material 
laws  and  system-specific  models. 

The  steady-state  and  dynamic  behaviour  of  a  gas  turbine  engine  is  the  product  of  the  behaviours  of  its  components 
working  together.  The  components  of  the  gas  turbine  affect  the  working  fluid  flowing  through  it  in  a  variety  of 
ways,  changing  its  physical  state  (pressure,  temperature  etc.).  The  sequence  of  these  changes  of  state  is  called  the 
working  or  cyclic  process.  The  work  cycle  calculation  performed  here  is  limited  to  a  unidimensional  consideration, 
taking  into  account  detailed  dynamic  modules. 

Analytical  inclusion  of  steady-state  and  dynamic  engine  behaviour  requires  a  subdivision  into  static  and  dynamic 
calculation  modules  which  are  described  using  general  forms  of  the  laws  of  conservation,  among  other  things  /3/. 
The  dynamic  calculation  modules  take  into  account  the  four  basic  effects  of 

•  energy  storage  in  rotors 

•  thermal  exchange  between  working  fluid  and  engine  parts 

•  gas  storage  in  the  various  engine  volumes 

•  dynamic  combustion 

It  would  be  too  complicated  to  calculate  the  behaviour  of  the  multi-stage  turbocomponents  compressor  and  turbine 
in  an  engine  cycle  calculation.  Therefore,  the  behaviour  of  these  components  is  described  in  the  form  of  corrected 
maps. 

Fault  diagnostic  methods  not  only  include  fault  detection  but  also  defect  localization  and  quantity  determination. 
The  component  characteristics  (c-S-  ^itv,z)  parameters  which  indicate  both  the  location  and  the  extent 
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of  any  change  in  component,  independent  of  the  operating  condition  of  the  engine.  In  order  to  achieve  this,  a 
real  compo»ient  parameter  ^  (e  g.  rjijv)  resulting  from  the  cyclic  calculation  must  be  compared  with  the  ideal 
parameter  from  the  map  of  the  undisturbed  component  (e  g.  r^uv.jtr)  Due  to  operating  point  shifts,  the 
component  parameter  depends  on  various  engine  (functional)  parameters  Y.  The  undisturbed  component 
state  is  taken  as  the  reference  component  parameter  ^re/-  ^he  following  non'linear  formulation  stands  for  the 
general  mathematical  disturbance  model 

$  =  (I) 

The  complete  mathematical  description  of  a  helicopter  engine  includes  not  only  the  thermodynamic  process  model 
but  also  the  dynamic  load  model  —  the  helicopter  rotor  system.  In  connection  with  the  low-pressure  turbine, 
therefore,  it  includes  the  main  rotor,  tail  rotor  and  transmission  /3/. 

The  combination  of  the  unidimensional  static  and  dynamic  calculation  models  results  in  a  base  equation  system 
describing  the  operating  behaviour  /3/  This  base  eqation  system  provides  a  non-linear,  time-invariant,  continuous, 
dynamic  engine  model  with  lumped  parameters  in  the  general  form 

X  =  f(X,U)  (2) 

Y  =  g(X.U)  (3) 

The  [n]-vector  of  the  physical  state  variables  X  for  the  twin-spool  helicopter  engine  is  given  in  Table  1.  The  input 
quantities  U  <>re  composed  of  the  control  signals  Us  and  disturbances  Vz-  The  part  input  vector  Vz  contains 
various  different  types  of  disturbance; 


External  margin  conditions 


Tb,2,po,z 

Mq,2 


:  ambient  conditions 
:  flight  Mach  number 


Air  system 


acceleration  bleed  air 
:  bleed  air  (external  accessories) 


Component  parameters 


Power  take-off 


ViiV.Zi  ^^^rV,Z 

^UHT.Z^^rUT.Z 

^rNT.Z 

^R.Z 

^D,Z,^D.2 


combustion  chamber 
high-pressure  turbine 
low-pressure  turbine 
duct 

nozzle  (exhaust  duct) 


PexNB,Z 

Pl.z 


power  take-off  (HR) 
power  take-off  (LR) 
load  (load  change) 


The  output  vector  Y  comprises  measurable  and  non-measurable  flow  parameters,  performance  characteristics  and 
other  important  engine  parameters. 

in  view  of  the  difficulty  in  analysing  non-linear  systems,  such  mathematical  models  are  linearized  to  steady-state 
operating  points.  The  steady-state  and  dynamic  operating  behaviour  of  the  controlling  system  ’’ENGINE”  Is 
described  completely  in  the  vicinity  of  the  stationary  operating  point  [X/?,  U/?,  Y/?]  by  the  linear,  time-invariant 
state  space  model 

X  =  Ax  -I-  Bu  (4) 

y  =  Cx  -I-  Du  (5) 

By  subdividing  the  inputs  u  into  control  variables  U5  and  disturbances  the  following  equivalent  state  space 
equations  are  obtained 


X  =  Ax  +  B5U5  +  B2U2 
y  =r  Cx  +  DsU5  +  D2U2 


2.1.2  System  IdentiFication 

In  system  identification,  the  structure  (model  order  n)  and  the  parameters  of  a  suitable  mathematical  model  are 
determined.  This  is  performed  in  three  stages: 

•  establishment  of  the  model  form 
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•  specification  of  a  quality  criteria 

•  selection  of  an  algorithm  to  determine  the  model  parameters  in  accordance  with  the  specified  quality  criteria, 
and  calculation  of  the  model  parameters. 

Besides  the  model  structure,  the  theoretical  system  analysis  also  provides  the  model  order  n.  To  estimate  the  model 
parameters  there  are  various  estimation  algorithms  /4/.  The  non-recursive  least  square  method  was  successfully 
applied  /3/. 

2.2  System  Order  Reduction 

The  problem  in  the  generation  of  a  model  is  finding  an  appropriate  compromise  between  the  conflicting  requirements 
of  simplicity  and  closeness  to  reality  of  the  model.  A  common  form  of  model  simplification  is  the  linearization  of 
the  non-linear  state  equations  (2-3)  around  an  operating  point  [XA,Ui{,Yi>].  The  more  accurately  a  model  — 
original  system  in  the  following  —  is  required  to  describe  reality,  the  higher  the  system  order  n  will  be.  However, 
this  is  detrimental  if  the  mathematical  model  (4-5)  is  Intended  as  the  basis  for  a  simulation  or  for  synthesis  of  a 
controller  or  observer.  The  memory  capacity  of  even  large  computer  systems  can  be  too  small,  and  computing 
times  can  become  extremely  long.  In  the  synthesis  of  a  controller  or  observer,  one  is  still  faced  with  the  problem 
of  having  to  predetermine  sensible  weighting  matrices  ot  suitable  eigenvalues  for  a  higher  order  model.  Therefore, 
it  is  often  necessary  to  approximate  the  high-order  model  with  a  model  of  lower  order. 

The  requirement  imposed  on  a  reduced  model  is  to  reproduce  as  accurately  as  possible  the  progressions  of  the 
major  state  variables  of  the  original  system,  i.e.  the  progression  of  the  nr-dlmensional  state  vector  Xr.  The  reduced 
model  is  formulated  as  the  state  equation 

Xr  =  ArXf  -h  BrU  (6) 

y  =  +  D,.u  (7) 

where  u  is  the  input  vector  of  the  original  system  and  x,  represents  an  nr-dimensional  state  vector.  The  time- 
invariant  matrices  Ar,  D^.  C,  and  shall  be  selected  such  that  an  optimum  approximation  of  x,  by  x.  is 
achieved. 

Numerous  methods  of  order  reduction  for  time-invariant  systems  have  been  presented  in  recent  years  /2/.  They 
can  be  categorized  according  to  their  objectives: 

•  singular  perturbation  (SP) 

.  equation  error  minimization  (GLF) 

•  modal  order  reduction  (MOO) 

Application  of  the  various  order  reduction  methods  to  the  linear  engine  state  space  model  of  the  22nd  order,  i.e. 
the  original  system,  requires  the  selection  of  the  state  variables  of  the  reduced  model.  With  the  modal  reduction 
method,  the  eigenvalues  of  the  reduced  model  must  also  be  determined.  The  dominant  eigenvalues  and  dominant 
state  variables  of  the  orignal  system  can  be  determined  by  dominance  analysis  /3/.  Based  on  the  results  of  the 
dominance  analysis  /3/  a  6th  order  model  with  the  reduced  state  vector 

Xr  =  (zr,  ,  *2,  *18,  *19,  *20,  *21  V 

and  a  2nd  order  model  with 

X,  =  (*1,*2)^ 

are  calculated.  The  eigenvalues  of  the  6th  and  2nd  order  models  reduced  by  the  various  methods  are  given  in 
Table  2.  The  step  responses  of  tihh  and  nuR  of  the  original  system  (22nd  order)  the  reduced  6th  and  2nd  order 
systems  (SP-S)  and  the  identified  6th  and  2nd  order  models  (ID-L)  for  a  fuel  mass  flow  change  of  10  %  are  shown 
in  Figure  3. 

The  singular  perturbation  method  (SP-S)  gave  rise  to  useful  reduced  linear  engine  models  in  all  cases.  It  also  has 
the  advantage  that  the  physical  structure  of  the  original  system  is  largely  maintained,  facilitating  the  observation 
of  the  system  behaviour. 

Both  the  step  response  progressions  and  the  frequency  response  characteristics  /3/  show  the  good  approximation 
of  the  engine  behaviour  by  the  6th  order  model  over  a  broad  frequency  range.  This  model  accounts  for  both  the 
energy  storage  of  the  two  rotors  and  the  thermal  exchange  between  the  working  fluid  and  the  engine  components. 
In  an  engine  of  this  size  and  configuration,  the  effect  of  gas  storage  in  the  various  engine  volumes  on  the  time 
cycle  operation  is  negligible. 

For  the  2nd  order  reduced  engine  model,  which  only  accounts  for  the  rotor  dynamics,  clear  deviations  from  the 
original  system  are  teen  in  step  responses.  However,  it  can  still  provide  a  sufficient  description  of  the  dynamic 
engine  behaviour  for  certain  engine  monitoring  problems. 
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3.  Dynamic  Engine  Monitoring  System 

Starting  from  the  state  space  description  of  the  controlling  system  and  the  measured  or  measurable  input  and  output 
variables,  the  monitoring  system  should  establish  estimated  values  for  the  component  characteristics  representing 
the  engine  state.  The  engine  state  must  be  determined  using  a  state  estimation  method  due  to  additional 
deterministic  and  stochastic  process  and  measuring  disturbances.  The  monitoring  system  can  also  provide  the 
controller  with  additional  information  on  the  operating  condition  of  the  engine.  The  structural  integration  of  the 
control  and  monitoring  system  is  shown  in  Figure  4. 

3.1  Extended  Dynamic  Engine  Model 

Besides  the  actual  engine  dynamics,  the  dynamic  engine  model  only  contains  control  variables  U5  and  deterministic 
disturbances  \iz-  The  disturbances  az  comprise  the  external  margin  conditions  (7b, z.  Po.z,  Ma,z,  Pt,,z)  and 
the  relevant  component  characteristics  for  the  engine  diagnosis.  In  practice,  additional  disturbances  affecting  the 
control  range  and  the  measurement  must  be  taken  into  account. 

The  linear,  time-invariant  system  with  process  disturbances  wp  and  measuring  disturbances  b  and  v  is  described 
by  state  equations 


X  =  Ax-h  Dsus -I- Bzuz -F  Bpwp  (8) 

y  =  Cx  -F  D5US  -F  Dzuz  -F  b  -F  V  (9) 

For  the  disturbances,  a  distinction  must  be  made  between 

•  process-  and  measuring  disturbances  wp  and  v,  which  can  be  represented  as  Gaussian  White  Noise  with  the 
familiar  covariance  matrices  Q  and  R 

•  measuring  bias  b  and  disturbances  uz,  which  are  considered  as  deterministic  disturbances. 

The  measuring  bias  b  and  disturbance  vector  uz  can  be  combined  to  an  extended  disturbance  vector  Uz  for 
further  consideration. 

For  deterministic  disturbances,  it  is  necessary  to  extend  the  model  of  the  actual  system  -  the  controlling  system 
-  plus  the  dynamic  disturbance  models  with  state  equations 

Xo  =  A/jxo  +  B0U1}  (10) 

yo  =  Cdxo -F  Ddu/>  (11) 

in  order  to  reduce  the  resultant  state  estimate  errors  to  an  acceptable  minimum.  In  addition,  the  deterministic 
disturbances  uz  contain  the  component  characteristics  sought  for  in  case  of  engine  diagnosis. 

For  engine  diagnosis,  the  deterministic  inputs 


U  =  [us  I  iiz]^ 


are  subdivided,  giving  the  state  equations 

X  =  Ax  -F  B«u,  -F  Bsu»  -F  BcUc  -F  Bpwp  (8a) 

y  =  Cx -F  DaUa -F  Dju» -F  DjUc -F  V  (9a) 


where 

Ua  :  directly  measurable  input  variables  (e  g.  7o,z.  Po.z.  •  •  ) 

Us  .  not  directly  measurable  but  lecorrstructable  input  variables 
(e  g.  component  characteristics) 

Uc  :  not  directly  measurable  nor  reconstructable  input  variables 
(e.g.  component  characteristics,  measuring  bias) 

The  inputs  us  of  the  linear  engine  model  can,  for  example,  be  described  by  a  dynamic  disturbance  model  for  jumpy 
signals 


0 
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n 
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If  special  knowledge  of  individual  disturbances  is  available  at  the  start  (e.g.  sinusoidal  measuring  bias),  the 
disturbance  processes  of  differing  signal  forms  can  be  arranged  at  will  in  a  model. 

The  engine  model  extended  by  the  dynamic  disturbance  model 


X,  =  AtXe  +  B«,U.  +  B,.Ze  -|-  Bp,Wp, 

(12) 

y  =  CeXj  -1-  D«.Ue  -h  D.e*.  -h  V 

(13) 

u»  =  Co.x, 

(14) 

y»  =  CjjXe  -FDue.Ue 

(15) 

is  the  starting  point  for  the  reconstruction  of  the  state  variables  x,  using  state  estimation  methods.  With  the 
estimated  state  variables  x,  the  component  characteristics,  measuring  system  faults  us  relevant  for  the  engine 
diagnosis  and  non-measurable  engine  parameters  ys  (e.g.  Tie)  can  be  determined  via  the  output  equations  (Id-lS). 

3.2  Application  of  State  Estimation  Methods  for  Dynamic  Engine  Monitoring 

State  estimation  methods  are  used  in  dynamic  engine  monitoring  /3/.  The  state  variables  of  the  extended  engine 
model  contain  indirectly  non-measurable  or  inaccurately  measurable  input  variables  besides  the  physical  state 
variables  which  describe  the  actual  engine  dynamics.  These  input  variables  can  comprise  component  characteristics, 
margin  condition  parameters,  inputs  whose  measured  values  have  a  high  noise  content,  and  deterministic  measuring 
errors. 

Thermodynamic  engine  monitoring  is  more  difficult  in  practice  because  measuring  inaccuracies,  poor  measurability 
and  sensor  failures  can  effect  limitations  in  observability  or  give  rise  to  misinterpretations.  In  addition,  internal 
and  external  engine  disturbances  can  often  cause  changes  in  the  temperature  and  pressure  profiles  of  the  various 
flow  sections.  Depending  on  the  measuring  system  used,  the  effects  of  the  sensor  dynamics  must  also  be  taken 
into  account  in  dynamic  engine  monitoring. 

3.2.1  Observability  and  Disturbability  Analysis 

A  prerequisite  for  the  use  of  a  state  estimation  system  is  that  the  extended  system  (12-13)  must  be  observable  from 
measuring  vector  y.  Since  the  extended  controlling  system  displays  unstable  behaviour  because  of  the  dynamic 
disturbance  models,  the  question  of  observability  becomes  crucial  for  stability,  and  therefore  for  estimation  error 
behaviour  in  case  of  uncertainties  in  the  knowledge  of  the  initial  condition  of  the  state  variables. 

A  diagnostic  model  in  the  form  of  an  observer  system  should  allow  faults  in  the  engine  components,  air  system 
and  margin  condition  parameters  to  be  determined.  The  measuring  effort,  i.e.  the  number  of  sensors,  should  be 
kept  to  a  minimum  in  estimating  these  disturbances.  In  selecting  the  measuring  variables  y.  measurability  and 
technical  effort  shall  be  considered  with  respect  to  measuring  accuracy. 

The  reduction  of  the  extended  engine  model  is  closely  associated  with  the  selection  of  the  measuring  parameters,  i.e. 
neglection  of  non-measurable  inputs.  Table  3  shows  different  diagnostic  variants  for  the  testbed  case  (MTO-0/0) 
and  flight  case  (MCR-0. 2/1500). 

Since  an  engine  on  the  testbed  is  equipped  with  a  standard  inlet  (e  g.  bellmouth),  and  no  external  bleed  air 
is  taken  off,  the  disturbances  xe,z  and  rhzv.z  are  irrelevant.  The  margin  condition  parameters  To,z  and  po.z 
are  considered  as  measurable  input  variables  (E).  In  the  flight  case,  the  margin  condition  parameters  To.z,  Po.z. 
flight  Mach  number  Wo.z  and  the  component  characteristic  xg.z  must  be  considered  in  the  extended  model. 
All  diagnostic  methods  contain  the  component  characteristics  for  compressor  and  turbines,  load  change  P^.z  and 
control  variable  ms-  Because  of  the  high  noise  content  in  the  measurement,  a  dynamic  disturbance  model  is  used 
for  the  fuel  mass  flow  ms 

With  only  a  few  exceptions,  the  temperatures  and  pressures  in  the  various  engine  sections,  the  shaft  speeds, 
shaft  torques,  power  outputs  and  the  fuel  mass  flow  are  generally  measurable.  Especially  at  the  combustion 
chamber  outlet  which  is  the  hottest  part  of  the  engine,  the  flow  parameters  T14  and  pn  are  not  measurable  with 
sufficient  accuracy.  In  the  testbed  case  also,  component  parameters  and  mass  flows  are  considered  in  principle  as 
non-measurable  quantities. 

Besides  the  state  variables  of  the  disturbance  models,  the  state  vector  of  the  extended  engine  model  includes  the 
actual  engine  dynamics.  Firstly,  the  engine  dynamics  are  described  by  the  reduced,  6th  order  model  established  in 
section  2.2  by  the  physical  state  variables 

Jt  =  [niin,nNK,TAUtV,Tu4tBK,Tu,tllT,TuatNT]^ 

and  secondly  by  the  2nd  order  model  with  the  state  variables 


X  =  (njf  R,  nwiij^ 
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Sine*  tht  physical  state  variables  of  the  engine  dynamics  must  be  observable,  differences  arise  in  the  selection  of 
the  measuring  parameters  in  conjunction  with  the  engine  diagnosis  for  the  6th  and  2nd  order  models.  The  differing 
measuring  value  sets  for  the  diagnostic  variants  of  Table  3  for  the  2nd  and  6th  order  models  are  summarized  in 
Table  4.  Quantitative  observability  analysis  and  the  selection  of  the  necessary  measuring  value  sets  is  performed 
using  standardized  "deterministic"  and  "stochastic"  measures  of  observability  /3/. 

3.2.2  Observer  Synthesis 

The  essential  factors  in  the  selection  of  the  observer  dynamics  and  therefore  the  gain  matrix  Hb  for  a  dynamic 
engine  diagnostic  model  are  as  follows'. 

•  dynamics  of  the  controlling  system 
a  robustness  with  respect  to  parameter  deviations 
e  observability 
a  measuring  noise 
a  process  noise 

a  required  accuracy  of  estimation 
a  type  of  monitoring 

There  are  in  principle  two  possibilities  for  calculating  the  matrix  Hg  that  is  pole  placement  and  optimization. 
Table  S  summarizes  the  eigenvalues  of  the  observers  for  three  suboptimal  configurations  for  the  testbed  case  - 
diagnostic  variant  (PF2)  and  measuring  value  set  (MP2/2). 

3.2.3  Simulation  and  Analysis  of  Results 

The  working  principles  of  the  various  dynamic  diagnostic  models  are  tested  by  examining  all  of  the  faults  that 
have  been  accounted  for.  In  order  to  simulate  the  observer,  the  necessary  "measuring  values"  y  are  determined 
from  the  state  space  equations  of  the  22nd  order  original  system  with  preset  inputs.  For  the  inputs  containing 
component  characteristics,  load  changes  and  margin  condition  parameters,  step  signals  are  used. 

The  results  of  the  dynamic  engine  diagnosis  for  simulated  component  characteristics  and  load  changes  (testbed 
case)  are  shown  in  Figure  5.  In  spite  of  the  rarity  of  the  combination  of  simulated  multiple  disturbances  in  practice, 
the  estimated  values  of  the  observer  agreed  exactly  with  the  preset  values  after  some  20  sec.  During  the  various 
transient  phases,  the  estimated  component  characteristics  are  not  usable  for  engine  diagnosis. 

In  order  to  simulate  the  diagnostic  model  in  Figure  6,  a  measuring  noise,  which  is  alvrays  present  in  practice,  is 
superimposed  onto  the  "measuring  data".  A  direct  comparison  of  the  time  curves  shows  the  measuring  noise 
sensitivity  of  the  observer.  There  are  clear  deviations  from  the  deterministic  case,  especially  for  the  cr^pressor 
efficiency  rutv^z.  The  desired  filter  effect  of  the  observer  can  be  seen  in  the  estimated  fuel  mass  flow  mg.  The 
computed  simulations  show  that  the  synthesis  of  an  observer  for  the  preset  conditions  must  be  orientated  towards 
noise  sensitivity. 

Figure  7  shows  the  diagnostic  results  of  various  observer  designs  based  on  the  6th  order  reduced  engine  model.  It 
can  be  seen  from  the  progressions  that,  for  the  deterministic  "measuring  values" .  lower  observer  dynamics  during 
the  transient  phase  give  rise  to  poorer  estimated  values.  Due  to  the  low  heat  exchange  dynamics,  the  response 
time  of  observer  DPF/6,  for  example,  is  considerably  greater  than  that  of  observer  DPFl/2.  Direct  comparison 
of  the  time  curves  of  Figure  6  and  7  shows  that  better  estimation  values  in  the  transient  phase  are  obtained  from 
the  observers  based  on  the  2nd  order  reduced  engine  model.  The  reason  for  this  is  the  poorer  observability  of  the 
component  characteristics,  since  the  material  temperatures,  which  are  inert  as  far  as  dynamics  are  concerned,  are 
measured  instead  of  the  gas  temperatures  (DPF/2). 

Even  with  noisy  "measuring  data",  the  various  n-observer  gave  very  good  diagnostic  results  in  the  testbed  and 
flight  case,  especially  in  built  up  condition.  In  the  transient  phase,  the  observer  based  on  the  2nd  order  reduced 
engine  model  proved  to  be  slightly  the  better  one.  With  noisy  measuring  values,  covariance  analysis  is  indispensable 
for  establishment  of  the  observer  dynamics  and  for  checking  the  estimation  results. 

3.2.4  Covariance  Analysis 

Covariance  analysis  of  an  observer  system  provides  the  estimation  error  variances  or  scatters,  i.e.  the  static  data 
required  for  assessment  and  specification  /3/.  In  particular  with  dynamic  engine  diagnosis,  the  case  arises  in 
which,  on  the  one  hand,  disturbances  are  present  in  the  form  of  process  and  measuring  noise,  and  on  the  other, 
even  minor  changes  in  component  characteristics  must  be  detected  in  order  to  assess  the  engine's  condition. 

The  scatters  of  the  estimated  values  (in  built  up  condition)  for  various  observer  designs  are  shown  in  Figure  8.  The 
results  underline  the  effect  of  observer  dynamics  on  measuring  noise  sensitivity  already  mentioned  in  the  previous 
sections.  However,  measuring  noise  has  a  varied  effect  on  the  estimation  values.  The  greatest  scatters  are  obtained 
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with  the  diagnostic  parameters  of  the  compressor  section  qiav.z.  mrW.z  and  mBLv.z-  Each  of  the  various  observer 
concepts  gives  rise  to  good  estimations.  The  advantages  of  an  n-observer  can  be  clearly  seen  when  measurable, 
noisy  input  variables  are  included  in  the  observer  model  as  state  variables.  For  example,  in  estimating  the  fuel 
mass  flow  rh^  with  observer  OFF  1/2,  the  scatter  is  only  half  as  great  with  respect  to  the  measured  value. 

3.2.5  Deterministic  Error  Analysis 

The  proposed  engine  monitoring  models  do  not  contain  all  of  the  possible  component  characterisics  (e.g.  com¬ 
bustion  section)  which  would  be  necessary  for  complete  engine  diagnosis.  This  is  due  to  non-measurable  or  barely 
measurable  engine  parameters  for  which  observability  cannot  be  achieved.  Furthermore,  the  scope  and  complexity 
of  measurement  systems  are  limited  on  grounds  of  cost.  Sensor  failures  or  systematic  measuring  errors,  which  give 
rise  to  incorrect  diagnostic  results,  cannot  be  discounted  in  practice.  Insufficiencies  in  the  modelling  of  the  physical 
process,  such  as  linearization  errors,  and  imprecisely  known  or  fluctuating  parameters,  can  distort  estimated  values 
or  even  make  them  completely  useless.  By  way  of  a  deterministic  error  (sensitivity)  analysis,  the  above  effects  on 
the  engine  diagnosis  can  be  estimated. 

In  Figure  9,  the  effects  of  non-modelled,  deterministic  disturbances  on  the  estimated  values  of  diagnostic  model 
DPF2/2  are  shown  in  the  form  of  stationary  sensitivity  coefficients.  The  results  clearly  show  the  problems  of  engine 
diagnosis.  For  example,  a  real  change  of  —1  %  in  the  component  characteristic  itBK,z  gives  rise  to  distortions  in 
the  HP  turbine  component  characteristics  and  rhrtiT.z  of  0.74  and  1.04  %  respectively.  The  component 

characteristics  of  the  exhaust  duct  rio,z  and  Ao,z  do  not  cause  any  additional  estimation  errors  and  can,  therefore, 
be  ignored  in  diagnostic  systems  for  turboshaft  engines. 

The  estimation  errors  arising  from  systematic  measuring  errors  of  Tts  and  p,3  are  shown  in  Figure  10.  For  example, 
a  deterministic  measuring  error  in  T,3  of  1  %  gives  rise  to  rn,v,z.  >)itUT,Z  estimation  errors  of  1.66  %  and  -1.71  % 
respectively.  The  results  show  that  great  demands  must  be  made  on  the  accuracy  of  the  measurement  system  in 
order  to  ensure  a  meaningful  diagnosis. 

Conclusion 

A  system-theoretical  method  for  dynamic,  thermodynamic  on-condition  monitoring  of  gas  turbine  engines  has  been 
presented. 

The  basis  of  the  monitoring  system  is  a  mathematical  model  describing  the  steady-state  and  dynamic  operating 
behaviour  of  the  engine.  In  order  to  be  able  to  apply  practicable  analysis  and  synthesis  procedures,  besides 
linearization,  a  system  reduction  is  required  for  simplification  of  the  model. 

The  dynamic  engine  monitoring  system  is  a  state  estimator  which  reconstructs  the  engine  state  values  from  the 
measured  input  and  output  variables.  Diagnosis  parameters  to  be  taken  into  account  are  included  in  a  dynamic 
disturbance  model.  This  disturbance  model  and  the  reduced  engine  model  form  together  the  extended  dynamic 
engine  state  space  model,  the  controlling  system  of  the  state  estimator. 

Very  good  results  are  obtained  with  deterministic  measuring  values  for  all  diagnostic  models,  using  simulated 
single  and  multiple  disturbances  in  the  open  and  closed  loop  control  circuit.  With  noisy  measuring  values  only 
n-observers  are  suitable  diagnostic  models  because  of  their  filtration  effect.  Besides  the  transient  response,  the 
dynamic  of  the  n-observer  determines  the  measuring  noise  sensitivity. 

The  results  of  the  covarian.e  analysis  show  the  immediate  relationship  between  observer  dynamics,  the  variance 
of  the  measuring  noise  and  the  scatter  of  the  diagnostic  parameters.  The  effects  of  non-modelled  component 
characteristics  and  systematic  measuring  errors  on  the  diagnostic  results  can  be  estimated  by  determinstic  error 
analysis. 

Possible  further  developments  in  the  field  of  systems  monitoring  are  a  decentralized,  linear  state  estimator  or 
a  non-linear,  dynamic  engine  model  in  conjunction  with  a  non-linear  state  estimator.  In  the  future,  however, 
parallel  to  theoretical  modelling,  mathematical  models  based  on  real  engine  data  must  be  established  by  identifi¬ 
cation.  Theoretical  investigations  have  shown  that  the  measurement  system  is  crucial  for  the  meaningfulness  of  a 
monitoring  system. 
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Table  1  State  variables  X  of  the  engine  state  space  model 


k 

eigenvalues 

(Real/Imag) 

(SP- 

5) 

(SP-E) 

(GLF) 

(HOD) 

1 

-0.176/ 

0.000 

-0.176/  0.000 

-0.190/  0.032 

-0.176/ 

0.000 

2 

-0.197/ 

0.000 

-0.197/  0.000 

-0.190/-0.032 

-0.197/ 

0.000 

3 

-0.237/ 

0.000 

-0.237/  0.000 

-0.232/  0.000 

-0.237/ 

4 

-0.344/ 

0.000 

-0.344/  0.000 

-0.363/  0.000 

-0.344/ 

0.000 

5 

-0.763/ 

0.000 

-0.764/  0.000 

-0.820/  0.000 

-0.764/ 

0.000 

6 

-2.760/ 

0.000 

-2.660/  0.000 

-2.070/  0.000 

-2.660/ 

0.000 

1 

-0.762/ 

0.000 

-0.757/  0.000 

-0.491/  0.032 

-0.764/ 

0.000 

2 

-2.670/ 

0.000 

-2.160/  0.000 

-2.300/  0.000 

-2.660/ 

0.000 

Table  2  Eigenvalues  At  of  the  6th  and  2nd  order  reduced  models;  MTO-0/0 
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Table  4  Measuring  value  sets  for  the  testbed  case  (MTO-0/0)  and  flight  case  (MCR-0.2/1500); 
6th  and  2nd  order  models 
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k  eigenvalues  (Real/Inag) 

observer 


DPri/2  DPr2/2  DPr3/2 


1 

-2.672 

/ 

0.0 

-2.672 

/ 

0.0 

-2.672 

/ 

0.0 

2 

-0.762 

/ 

0.0 

-0.762 

/ 

0.0 

-1.238 

/ 

0.0 

3 

-0.500 

/ 

0.0 

-1.000 

/ 

0.0 

-2.000 

/ 

0.0 

4 

-0.500 

/ 

0.0 

-1.000 

/ 

0.0 

-2.000 

/ 

0.0 

5 

-0.500 

/ 

0,0 

-1.000 

/ 

0.0 

-2.000 

/ 

0.0 

6 

-0.500 

/ 

0.0 

-1.000 

/ 

0.0 

-2.000 

/ 

0.0 

7 

-0.500 

/ 

0.0 

-1.000 

/ 

0.0 

-2.000 

/ 

0.0 

8 

-0.500 

/ 

0.0 

-1.000 

/ 

0.0 

-2.000 

/ 

0.0 

9 

-0.500 

/ 

0.0 

-1.000 

/ 

0.0 

-2.000 

/ 

0.0 

10 

-0.500 

/ 

0.0 

-1.000 

/ 

0.0 

-2.000 

/ 

0.0 

11 

-0.500 

/ 

0.0 

-1.000 

/ 

0.0 

-2.000 

/ 

0.0 

Table  5  Eigenvalues  At  of  the  n-observer  for  the  testbed  case  PF2-MP2/2: 

2nd  order  model;  MTO-0/0;  system  eigenvalues.  Aj  =  {-2.672|  -  0.762|n/)  ■  0.0} 


Illustrations 


Figure  1  Thermodynamic  engine  monitoring 


Figure  2  TurboshafC  engine  scheme 
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Figure  3  Transient  functions  of  nun  and  nun  with  jumpy 
Aitjb  =  10  %:  MTO-0/0 
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Figure  4  Control  and  monitoring  structure 
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Figure  6  Exact  and  estimated  state  variables; 

testbed  case:  PF2-MP2/2;  n-observcr  DPFl/2 
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Figure  9 
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Scatter  of  the  estimated  values  (built  up  conditions)  for  various  observer  designs; 
testbed  case:  PF2-MP2/2:  *)  (kWJ 
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Effects  of  non-rrrodelled  disturbances  on  the  diagnostic  results; 
n-observer  DPF2/2;  testbed  case:  PF2-MP2/2 
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Figure  10  Effects  of  systematic  measuring  errors  of  T13  and  pis  on  the  diagnostic  results; 
n-observer  DPF2/2;  testbed  cate:  PF2-MP2/2 
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SOIMAII 

CoBbat  aircraft,  because  of  the  aission  profiles  Involved,  tend  to  rarely  operate 
with  their  engines  in  a  steady-state  condition  for  extended  periods.  Purtheraore, 
current  generation  aircraft  contain  Engine  Monitoring  Systems  (EMS)  which  automatically 
capture  a  record  of  important  engine  parameters  when  a  parameter  exceedance  is 
detected.  It  follows  then  that  any  subsequent  post-flight  data  analysis  for  fault 
isolation  purposes  will  often  necessitate  the  extraction  of  the  required  diagnostic 
information  from  transient  data  records.  This  generally  contrasts  with  past  practice 
where  most  of  the  available  fault  diagnostic  procedures  have  been  derived  from  steady- 
state  information. 

In  an  attempt  to  overcome  this,  and  thereby  provide  effective  tools  for  diagnosing 
faults  from  transient  data  records,  a  procedure  is  outlined  to  extract  information  about 
the  dynamic  characteristics  of  gas  turbines  from  input/output  measurements.  The 
parameter  estimator  technique  involved  has  the  potential  to  provide  a  means  of  detecting 
changes  in  some  unmeasured/unrecorded  parameters,  such  as  shifts  in  variable  geometry 
schedules.  Thus  in  essence,  it  provides  a  tool  for  identifying  problems  from  simple 
transient  test  data  which  were  previously  inaccessible  or  difficult  to  obtain. 
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A 

Parameter  EQ(3) 

S 

Laplace  operator 

a8 

Final  nozzle  area 

SI  SO 

Single  Input  single  output 

B 

Parameter  E0(3) 

SLS 

Sea  level  static 

CPR 

Compressor  pressure  ratio 

S/N 

Signal  to  noise  ratio 

EGT 

Exhaust  gas  temperature 

t 

Time 

EMS 

Engine  monitoring  system 

Spool  time  constant 

fPr 

Sample  frequency 

T 

Temperature 

Fan  pressure  ratio 

WF 

Engine  fuel  flow 

lSe 

Spool  ateady-state  gain 

WFB 

Engine  overfuelling  (WF-WFSS) 

Least  squares  estimator 

WFSS 

Steady-state  fuel  flow 

IRP 

Intermediate  rated  power 

an 

N 

Spool  speed 

At 

Sample  time 

NL 

Fan  speed 

€(t) 

Equation  error 

NH 

Compressor  speed 

e 

Parameter  vector 

P 

Pressure 

0 

Standard  deviation 

PPER 

Pre  and  post  event  recorder 

4' 

Vector  of  observations 

1 .  IITRODOCTION 

Hany  current  generation  aircraft  contain  Engine  Monitoring  Systems  (EMS)  which  have 
the  capability  to  automatically  capture  selected  engine/aircraft  parameters  inflight 
when  a  parameter  excef<dance  is  detected  by  an  onboard  computer.  These  data  are  then 
available  to  maintenance  personnel  to  aid  them  in  diagnosing  engine  faults.  However, 
while  careful  consUeration  is  given  to  the  parameter  selection  and  data  acquisition 
aspects  during  the  design/development  phase  of  an  EMS,  surprisingly  little  thought 
appears  to  have  been  directed  towards  providing  the  user  with  an  adequate  inventory  of 
analytical  tools  to  diagnose  faults  from  these  data.  This  contrasts  with  the  situation 
in  the  transport/commercial  environment  where  considerable  effort  has  been  expended  in 
devising  fault  diagnostic  techniques  based  on  nominally  steady-state  data.  However, 
combat  aircraft  seldom  operate  with  their  engines  in  a  steady-state  condition  for 
extended  periods  and,  therefore,  faults  will  probably  have  to  be  diagnosed  from 
transient  data  records.  It  follows  then  that  many  of  the  analytical  tools  currently 
available  are  basically  unsuitable. 

The  increasing  trend  towards  the  adoption  of  on-condition  maintenance  further 
emphasises  the  need  for  improved  engine  diagnostic  techniques  to  facilitate  the  process 
of  fault  isolation  to  module  and/or  line  replaceable  unit  level.  It  Is  generally 
accepted  that  many  of  the  current  fault  isolating  methods,  based  primarily  on 
information  contained  in  manufacturer  supplied  Technical  Manuals,  can  give  rise  to  an 
unacceptably  high  rate  of  false  diagnosis.  Therefore,  in  the  military  environment  at 
least,  there  is  considerable  scope  for  applying  new  techniques  to  retrieve  important 
diagnostic  information  from  the  EMS  records. 


In  this  paper,  a  method  la  outlined  for  analysing  transient  engine  data  records  and 
thereby  correlating  changes  in  the  engine  dynamic  characteristics  with  particular  engine 
faults.  Such  a  method  has  the  potential  to  detect  changes  in  some  unmeasured 
parameters,  such  as  shifts  in  variable  geometry  schedules,  from  input/output  transient 
measurements. 

2.  BNGIMB  FAULTS  AID  TIAISIHT  PBRFOMAICB 

Some  engine  faults  impact  upon  the  steady-state  performance  of  an  engine  and  the 
symptoms  can  usually  be  reproduced  under  sea-level-static  (SLS)  test  conditions.  Other 
faults,  such  as  those  leading  to  reduced  surge  margins  in  the  compression  system,  may 
not  necessarily  be  reflected  in  a  loss  of  steady-state  performance  but  could  seriously 
degrade  the  operability  of  the  engine  especially  at  altitude,  during  aircraft  manoeuvres 
and  following  missile  release.  For  Instance,  mlsscheduled  variable  geometry  within  the 
engine  or  corrupted  sensor  signals  can  be  cause  for  concern. 

In  the  past,  maintenance  personnel  have  tended  to  rely  on  manufacturer  supplied 
information  in  the  form  of  procedures  laid  down  in  Technical  Manuals,  combined  with 
experience,  to  diagnose  common  engine  faults.  In  certain  cases  it  may  involve  the  use 
of  trial  and  error  methods  and/or  component  substitution  to  eradicate  the  problem. 
However,  the  advent  of  relatively  inexpensive  computer-based  data  acquisition  systems  in 
many  current  generation  aircraft  provides  a  means  of  automatically  capturing  important 
engine/aircraft  parameters  in  the  form  of  a  Pre  and  Post  Event  Record  (PPER).  Moreover, 
these  records  can  contain  crucial  information  on  how  the  fault  affects  the  transient 
response  of  the  engine  in  addition  to  any  steady-state  effects.  This  is  achieved  by 
utilising  sampling  frequencies  of  5-10  Hz  or  even  higher  depending  on  the  particular  EMS 
configuration.  Thus,  to  fully  utilise  the  PPER  data  and  thereby  increase  the  current 
level  of  engine  fault  diagnostic  capability,  there  is  a  need  to  Implement  new  analysis 
procedures  in  ground  based  computing  facilities.  The  following  procedure  represents  one 
such  approach. 

3.  AIALTSIS  PROCEDORB  FOR  EXTRACTIIG  THB  DTIAMIC  CBARACTBRISTICS 

Parameter  estimation  and  identification  procedures  are  continually  finding  new 
applications  in  the  field  of  fault  detection  and  Isolation  Including  in  gas  turbines 
(Refs.  1-5).  The  primary  aim  of  the  present  exercise  is  to  develop  techniques  for 
application  to  in-flight  recorded  data  and  thereby  aid  engine  fault  diagnosis  within  the 
constraints  imposed  by  existing  EMS. 

The  transient  response  of  a  gas  turbine  can  be  identified  in  terms  of  well-defined 
dynamic  characteristics,  namely  tine  constants  and  steady-state  gains.  These  in  turn 
are  governed  by  aerothermodynamic  states  within  the  gas  path  in  combination  with 

mechanical  considerations  such  as  spool  inertias.  To  simplify  the  problem  for 

discussion,  the  present  analysis  is  confined  to  the  single-input/single-output  (SISO) 
fuel-flow/spool-speed  response.  However,  as  matrix  methods  are  employed  in  the 

analysis,  additional  inputs/outputs  can  be  added  when  and  if  necessary. 

In  a  gas  turbine,  the  spool-speed/fuel-flow  response  over  the  normal  operating 

speed  range  is  characterised  by  a  non-linear  relationship  of  the  form  : 

N  =  f(HF,  t^,  Kjj,  P,  T)  CD 

In  the  vicinity  of  a  steady-state  set  point,  the  response  is  closely  approximated 
by  a  simple  lag 

Which  in  terms  of  the  overfuelling  becomes 

4N  =  ^  4WFE 

or  alternatively  In  discrete  time 

"t  =  **'t-l  *  ®''''®t-1 

where  A  »  1  and  B  .  ^t/t^ 

Some  engine  faults  will  modify  the  steady-state  behaviour  and  can  therefore  be 
expected  to  appear  as  changes  In  Kj,.  Similarly,  other  faults  will  Influence  the 
transient  performance  characterised  by  changes  In  the  effective  tu  or  a  combination  of 
Ki,  and  tu.  Thus  It  follows  that  the  embedded  fault  information  will  be  associated  with 
tfSe  fault  parameter  B.  The  basic  problem  reduces  to  estimating  the  parameters  A  and  B 
In  Eq.(3)  from  noisy  transient  measurements  and  correlating  these  with  known  fault 
conditions  to  ultimately  form  a  fault  library.  A  parameter  estimation  scheme  was  used 
to  extract  this  Information. 
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3, 1  ParaMter  Batiaatloa  Prooadura 

Equation  (3)  baing  linear  in  the  paraaetere  is  in  a  fora  suitable  for  regression 
analysis  (Ref.  6),  that  is 

=  e\(t)  +  e(t) 

where  4,(t)  =  (.N^_, . H^_„.  WE^.,  ...  MFE^.,) 

»■'  =  <*1  •••  *h*  Bl  B.> 

The  siaiQest  estiaator  is  the  Least  Squares  Estiaator  (LSB)  where  the  estimate 
fore  s  (A,  B)'  in  Eq.(3)  Is  given  by 
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The  LSE  is  known  to  produce  ssyaptotically-biased  estlaates  In  the  presence  of 
aeasureaent  noise  even  for  very  large  data  saaplesCRef.  6).  The  degree  of  bias  depends 
on  the  signal  to  noise  (S/N)  ratio  of  the  individual  signals  and  for  soae  applications 
small  levels  of  residual  bias  can  be  tolerated.  The  present  problea  falls  into  this 
category  in  that  relative  differences  between  the  fault/no-fault  estimates  of  the 
parameter  assume  much  greater  importance  than  the  absolute  values  of  the  individual 
estimates,  provided  the  level  of  bias  error  Is  consistent. 

Simulated  turbofan  data,  derived  from  a  modified  version  of  a  generic  thermodynamic 
simulation  (Ref.  7),  superimposed  with  white  aeasureaent  noise,  were  used  in  the 
analysis,  together  with  SLS  test  cell  data  from  a  small  turbojet.  The  LSE  was  found  to 
yield  satisfactory  results  for  small  levels  of  measurement  noise.  However,  the  bias  and 
the  associated  uncertainty  of  the  parameter  estlaates  increased  markedly  in  the  presence 
of  typical  noise  levels  experienced  in  the  test  cell.  This  is  illustrated  in  Fig.  1, 
where  the  predicted  spool  speed  for  a  small  turbojet,  based  on  the  measured  fuel  flow 
and  the  estimated  model  parameters,  is  compared  with  the  actual  measured  data.  It  is 
immediately  apparent  that  the  correlation  is  poor  for  these  noisy  experimental  data. 

To  overcome  this,  a  modified  estimator  was  proposed  (Ref.  4),  where  improved 
estimates  are  obtained  by  using  well-known  hill-climbing  techniques  to  obtain  a  new 
minimum  variance  fit  of  the  predicted/measured  speed  profiles,  Fig.  2.  This  method  uses 
the  LSE  as  a  first  estimate,  from  which  Improved  estimates  are  subsequently  obtained 
using  the  pre-filtering  characteristics  of  the  model.  In  essence,  this  technique 
resembles  the  Instrumental  Variable  (IV)  method  (Refs.  2,8,9)  but  with  the  important 
difference  that  conceptually  at  least,  it  is  more  easily  understood  by  performance 
engineers.  Monte-Carlo  testing,  using  simulated  turbo-fan  test  data  superimposed  with 
white  measurement  noise,  indicated  that  the  resultant  bias  errors  were  insignificant 
(<.1l)  for  levels  of  measurement  noise  normally  experienced  in  the  field.  As  a  further 
test  of  the  method,  the  linearised  model  Eq.(3)  was  configured  with  variable 
coefficients  to  predict  the  full  non-linear  idle/max  power  and  max/idle  power  speed 
transients  using  the  measured  fuel  as  input,  Fig.  3.  The  coefficients  were  estimated  at 
a  number  of  steady-state  set  points  across  the  speed  range  from  small 
accelerations/decelerations.  The  good  agreement  with  the  measured  test  data  is 
Justification  for  the  use  of  the  estimator  as  a  tool  for  extracting  the  spool  dynamic 
characteristics  from  noisy  engine  data.  It  therefore  remains  to  evaluate  the  use  of  the 
estimator  for  diagnosing  faults  from  transient  data. 

4.  THE  BSTINATOR  A5  A  FAULT  DI ACROSTIC  TOOL 

Two  simple  faults  are  chosen  to  illustrate  the  important  features  of  the  estimacor 
as  a  fault  diagnostic  tool.  The  first,  a  biased  exhaust  gas  temperature  (EGT)  sensor 
error  in  an  engine  controlled  to  an  EGT  schedule,  can  introduce  significant  transient 
and  steady-state  performance  effects.  The  second,  a  changed  final  nozzle  schedule 
during  an  acceleration  does  not  impact  upon  the  steady-state  performance  but  can 
influence  the  transient  performance.  The  method  is  applied  to  results  obtained  from  the 
generic  military  turbofan  simulation  referred  to  previously,  because  it  enables  effects 
of  measurement  noise  and  data  sampling  rate  to  be  investigat'^d  in  a  carefully  controlled 
environment  with  the  aid  of  Monte-Carlo  testing  techniques.  In  the  case  of  the  EGT 
sensor  bias  fault,  the  simulation  results  are  supported  by  F404  engine  test  data.  Back 
to  back  tests  were  performed  on  an  F404,  with  and  without  a  faulty  EGT  harness,  which 
resulted  in  a  set  of  fault/no-fault  data  suitable  for  analysis. 
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4.1  B^aust  Gas  Taaparature  Seoaor  Bias  Brror 

In  gas  turbines,  SGT  Halting  can  be  effective  In  reducing  engine  over-teaperatures 
and  therefore  preserving  hot  section  coaponent  lives.  In  ailltary  turbofans,  closed* 
loop  control  of  the  final  nozzle  Is  coaaonly  eaployed  to  achieve  this.  Thus  an  EGT 
sensor  bias  error  laaediately  iapacts  upon  the  transient/steady-state  engine  performance 
when  the  Halter  loop  becoaes  active. 

Siaulated  turbofan  results  for  an  acceleration  under  closed*loop  fan*speed  control 
coablned  with  an  EGT  Halter  (siailar  control  concept  to  that  eaployed  in  the  P404 
engine  near  Interaediate  Rated  Power  (IRP))  are  given  in  Pig.  4.  The  positive  sensor 
bias  culainates  in  a  steady*state  performance  decrement  (reduced  engine  pressure  ratio 
and  therefore  thrust)  as  a  result  of  an  Increase  in  final  nozzle  area  and  reduced 
overfuelling.  Moreover,  transient  profile  trajectory  changes  indicating  increased  surge 
margin  in  the  fan,  as  shown  by  the  curve  of  fan  pressure  ratio  in  Pig.  5  and  a 
corresponding  marginal  reduction  in  the  compressor  over  part  of  the  transient,  as  shown 
by  the  curve  of  compressor  pressure  ratio  in  Pig.  6,  accompany  the  bias. 

Normally,  EGT  forma  an  integral  part  of  EMS  output  and  therefore  bias  effects  can 
be  quickly  Identified  from  temporal  and  crossplot  data.  However,  parameter  estimation 
techniques  which  can  extract  information  about  the  fault  from  other  input/output 
measurements  in  isolation,  that  is  without  the  need  for  measurements  of  the  actual  fault 
parameter,  can  provide  an  important  additional  degree  of  redundancy  for  fault  diagnosis 
purposes. 

Estimator  results  for  the  turbofan  acceleration  as  a  function  of  sensor  bias  are 
given  in  Pig.  7.  The  resultant  trends  in  the  LP  spool  dynamic  characteristics 
constitute  a  useful  fault  signature  where  the  uncertainty  bands  correspond  to 
representative  levels  of  measurement  noise,  namely  NL  s  0.3t,  WP  »  0.6S  for  a  50  Hz 
sampling  frequency.  More  particularly,  the  trend  in  K|^  confirms  the  effect  of  the  bias 
error  on  the  steady*state  performance  and  similarly,  trends  in  t^  and  B  correlate  with 
the  transient  performance  changes. 

In  the  above,  the  estimator  has  been  applied  to  accelerations  where  dNL  >  S%,  that 
is,  higher  than  the  normally  accepted  speed  range  about  a  ateady*state  set  point  where 
the  linearised  approximation  usually  applies.  The  resultant  effective  spool  dynamic 
characteristics  derived  from  these  larger  transients  do  not  have  the  same  physical 
meaning  as  those  obtained  for  the  smaller  linearised  responses,  but  they  still  provide  a 
convenient  way  of  monitoring  changes  in  fault/no*fault  transient  profiles.  It  is  this 
aspect  that  is  appealing  in  the  fault  diagnosis  application,  in  that,  simple  linear 
model  structures  can  still  provide  useful  diagnostic  information  even  in  the  non*Hnear 
domain. 

4.2  P404  BGT  Seoaor  Bias  Results 

P40M  back  to  back  small  acceleration  test  data,  corresponding  to  a  fan  speed 
increment  of  dNU.  a5f,  are  given  in  Fig.  8,  with  and  without  an  EGT  bias  error  of 
approximately  60^C  caused  by  a  faulty  EGT  harness.  The  bias  error  is  immediately 
apparent  from  the  EGT  trace  prior  to  and  during  the  transient  but  the  discrepancy 
diminishes  subsequent  to  the  EGT  limiter  becoming  operational,  as  expected.  The  effects 
of  the  EGT  bias  are  then  transferred  to  some  of  the  other  measured  parameters,  such  as 
A8  and  BPR,  Fig.  8.  This  is  illustrated  most  effectively  by  croasplotting  the 
parameters  against  fan-speed  as  in  Fig.  9>  resulting  in  comparable  trends  to  those 
observed  with  the  simulation  data.  Fig.  5« 

Estimator  results  for  the  corresponding  fault/no-fault  transients  are  given  in  Fig. 
10.  The  values  obtained  for  the  characteristics,  namely  Ru  ~  22.10,  t^  s  2.11  differ 
significantly  from  the  equivalent  no*fault  values  (Kj]  s  ^.41,  tu  =  0.77).  This  is 
highlighted  in  Fig.  11  where  the  EGT  bias  results  can  be  comparea  with  nominal  values 
obtained  over  a  wide  operating  speed  range. 

It  is  apparent  from  the  results  presented  so  far  that  the  EGT  sensor  bias  affects 
the  transient  as  well  as  the  steady-state  performance.  However,  the  next  fault, 
consisting  of  a  mlsscheduled  final  nozzle,  only  affects  the  transient  response.  In  the 
event  that  the  final  nozzle  position  is  not  monitored  by  the  EHS,  such  a  fault  can  be 
difficult  to  isolate  without  additional  testing.  It  will  be  shown  that  the  estimator 
technique  overcomes  this. 

4.3  Nlmsohedulmd  Fioal  Bossle 

MisscheduXing  of  gas  turbine  variable  geometry  can  be  instrumental  in  promoting 
compression  system  instabilities  by  reducing  available  surge  margins.  Therefore, 
misscheduling  resulting  from  actuator  wear,  incorrect  adjustment  and/or  corrupted  sensor 
input  say  not  necessarily  be  apparent  from  steady-state  results.  Furthermore,  if 
variable  geometry  position  is  not  Included  in  the  normal  EMS  output,  then  it  will  be 
necessary  to  Infer  changes  from  the  available  transient  engine  data.  A  mlsscheduled 
final  nozzle  la  selected  to  demonstrate  this. 


1 

1 


I 


Jki 


36-5 


In  80M  allltary  turbofana,  the  noaale  is  aebeduled  open  at  low  power  then  reaped 
to  the  floor  during  aooelerationa  until  the  EGT  liaiter  loop  beooaes  aotive,  Fig.  12. 
For  oonvenisnoe,  the  nosale  oloaure  trigger  point  for  the  siaulated  turbofan  is  chosen 
as  a  fixed  percentage  of  NL  and  the  fault  is  charaotariaad  in  terns  of  a  retardation  in 
this  (6NL  <).  Typical  fault/no-fault  profiles  are  displayed  in  Fig.  13  indicating  no 
changes  to  the  resultant  steady-state  perforaanoe.  However,  surge  nargins  in  the 

fan/oonpressor  are  increased/decreased  respectively  over  at  least  part  of  the  transient, 
Figs.  U,  15. 

Estlaator  results  given  in  Fig.  16  exhibit  a  clear  correlation  with  trigger  point 
delay  except  for  1^  which  is  invariant  as  expected.  In  addition,  the  fault  signatures, 

naaely  curves  of  Eii,  t||  and  B,  differ  significantly  fron  the  EGT  bias  results,  Fig.  7. 

The  estlaator  technique  clearly  discrinlnatea  between  the  two  faults  but  aany  nore  fault 
signatures  need  to  be  coaplled  before  definitive  stateaents  can  be  aade  as  to  the 

uniqueness  or  otherwise  of  the  individual  signatures. 

The  laportant  point  that  eaerges  froa  the  above  analysis  is  that  the  estlaator 
technique  provides  a  convenient  tool  for  extracting  inforaation  on  unneasured  fault 
paraaeters  froa  available  Input/output  transient  data.  Horeover,  it  will  be  shown  that 
the  sensitivity  of  the  fault  estlaator  technique  is  critically  dependent  on  : 

(a)  level  of  aeasureaent  noise,  and 

(b)  data  saapllng  rate. 

4.4  Bffeot  of  Meaaureaeat  Boise 

The  perfomance  of  the  fault  estlaator  deteriorates  in  the  presence  of  aeasureaent 
noise  due  principally  to  Increased  uncertainty  in  the  estiaates  as  distinct  froa  bias 
effects.  The  uncertainties  in  the  estlaated  paraaeters,  which  are  specified  by 
the  ±2  a  bands  about  the  aeans.  Figs.  7  and  16,  deteralne  the  ainiaua  variations  in  the 
actual  unaeaaured  fault  paraaeters  that  can  be  detected  by  the  fault  estlaator. 
Therefore,  the  aagnltude  of  the  uncertainties  ultlaately  establishes  the  sensitivity  of 
the  aethod  and  as  a  consequence,  is  nore  laportant  than  the  effects  of  residual  bias 
errors  because  the  latter  can  reasonably  be  expected  to  be  of  siailar  aagnitude  in  the 
fault/no-fault  oases.  Furtheraore,  the  present  results  indicate  that  the  noise  on  the 
input  fuel  signal  can  seriously  degrade  the  overall  perfomance  of  the  estlaator.  Fig. 

17.  The  reason  for  this  la  that  the  peak  overfuelling  becones  a  nore  suitable  choice  of 
reference  signal  than  the  aean  fuelling  level.  To  suaaarize,  perfomance  constraints 
inpoaed  by  the  neasurlng  syaten  set  ainiaua  obtainable  estlaator  sensitivity  levels  and 
therefore  the  full  potential  of  the  aethod  nay  only  be  realised  if  the  aeasurlng  systea 
is  correctly  designed  in  the  first  place. 

4.5  Effect  of  Saapllng  late 

Typical  characteristic  frequencies  of  interest  in  gas  turbines,  based  on  the  spool 
tlae  constants,  are  less  than  5  Hz.  The  siaulatlon  results  presented  so  far  correspond 
to  acquisition  rates  of  25  -  50  Hz.  In  sons  aircraft  EMS,  lower  saapllng  frequenclea  5 
-  10  Hz  are  eaployed  and  therefore  it  is  essential  to  briefly  exaalne  the  effects  of 
reduced  saapllng  rates  on  the  uncertainty  of  the  fault  estlaator.  Uncertainty 
estiaates,  derived  fron  Honte-Carlo  tests  using  white  aeasureaent  noise  (constanto  )  are 
given  in  Fig.  18  for  the  no-fault  acceleration  results  discussed  previously.  The 
following  observations  can  be  aade  : 

(1)  Uncertainty  increases  as  saapllng  rate  decreases. 

(2)  The  rate  of  Increase  in  the  uncertainty  begins  to  becoae  unacceptably  high  as  the 
saapllng  rate  decreases  below  10Hz. 

(3)  If  reduced  saapllng  rate  is  eaployed  on  the  input  fuel  signal,  as  in  soae 
operational  EHS,  the  uncertainty  Increases  at  an  even  higher  rate.  This  steas  froa 
the  resultant  saoothing  of  the  input  signal  which  in  turn  provides  iaproved 
estiaates  of  the  tiae  constant  at  the  lower  frequencies. 

Near  optiaua  results  are  cbtained  using  25  -  50  Hz  full  rate  saapllng  on  each 
signal.  However,  if  reduced  rate  saapllng  aust  be  tolerated  on  the  input  signal  then 
the  uncertainty  that  prevails  corresponds  approxlaately  to  the  level  of  uncertainty 
obtained  for  the  full  aaapling  rate  on  both  signals  but  at  ths  lower  frequency.  Fig. 

18.  The  perfomance  differences  becoae  insignificant  as  fg  >  50  Hz. 

4.6  F404  Data  Daoertalaty 

The  uncertainty  in  the  estlaated  values  of  paraaeter  B  derived  froa  the  F404  test 
cell  data  is  of  the  order  of  t5f  (Fig.  11).  It  should  be  eapbasised  that  the  resultant 
uncertainty  is  baaed  on  a  United  nunber  of  tests  and  therefore  can  only  be  taken  as  a 
guide.  This  uncertainty  corresponds  to  aeasureaent  noise  levels  of  HL«  0.2t,  HF*  1.5  - 
2.0(  and  saapllng  rates  for  fan-speed  and  fuel-flow  of  20  and  5  Hz,  respectively.  The 
aeasureaent  noise  and  saapllng  rate  data  for  the  F404  aeasurlng  systea  can  be  conbined 
with  the  siaulatlon  predictions  given  in  Fig.  18  to  provide  another  estlnata  of  the 
uncertainty  in  the  paraaeter  B.  This  yields  a  figure  of  approxlaately  ±51  which  agrees 
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with  the  previous  estiaste.  It  confiras  the  suitability  of  using  data  of  the  type  given 
in  Fig.  16  to  predict  the  perforaance  of  the  estiaator.  Thus  knowledge  of  the  measuring 
systea  perforaance,  naaely  noise  levels  and  data  sampling  rates,  is  sufficient  to 
predict  apriori,  the  estiaated  parameter  uncertainty. 

5.  COHCLOSIOiS 

A  method  has  been  outlined  for  extracting  fault  diagnostic  information  from  gas 
turbine  engine  transient  data  records.  The  parameter  estimator  technique,  because  it 
can  provide  information  about  unmeasured  parameters,  such  as  changes  in  variable 
geoaetry  schedules,  from  normal  closed-loop  input/output  measurements,  forma  the  basis 
of  a  useful  diagnostic  tool.  Moreover,  this  diagnostic  information  can  be  extracted 
without  the  need  for  additional  test  Instrumentation* 

The  performance  of  the  fault  estimator  is  closely  related  to  the  capabilities  of 
the  measuring  system,  namely  sampling  rates  and  the  levels  of  measurement  noise. 
Optimum  perforaance  is  obtained  at  f^  >  50  Hz  but  It  deteriorates  significantly  as  the 
sampling  rate  falls  below  10  Hz.  Measurement  noise,  especially  on  the  input  fuel 
signal,  has  a  significant  influence  on  the  sensitivity  of  the  fault  estimator.  However, 
noise  levels  encountered  in  many  operational  £MS  do  not  unduly  compromise  the  resultant 
sensitivity  of  the  fault  estimator  technique. 

When  the  technique  is  combined  with  corrected  data  cross-plottlng  procedures,  a 
powerful  tool  emerges  for  analysing  transient  data  records.  The  input/output  results 
used  in  the  present  analysis  were  restricted  to  fuel-flow  and  fan-speed  respectively, 
but  temperature  and  pressure  data  can  readily  be  incorporated.  Furthermore,  information 
on  new  faults  can  be  added  to  an  existing  fault  library  to  Improve  and  extend  its 
capability.  Finally,  the  method  can  be  applied  to  in-flight  recorded  data  where  it  may 
be  difficult  to  reproduce  the  fault  under  SLS  test  conditions. 
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FIG.  1.  LSB  PREDICTION  -  NOISY 
MEASURED  TURBOJET  DATA 


FIG.  2.  PREDICTION  USING  MODIFIED 
ESTIMATOR 


TIME  (s) 
(b) 


FIG.  3.  FULL  TURBOJET  TRANSIENTS 
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FIG.  8.  P404  ENGINE  ACCELERATION 

WITH  60*C  EGT  SENSOR  BIAS 


FIG.  9.  F404  ENGINE  SENSOR  BIAS 

DATA  VERSUS  NL 


(a)  NO  EGT  SENSOR  BIAS 


<b)  60*C  EGT  SENSOR  BIAS 


FIG.  10.  F404  ENGINE  PARAMETER  ESTIMATES  AND  PROFIL.  PREDZC'*’IONS  WITH  AND  WITHOUT 
AN  EGT  SENSOR  BIAS 
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FIG.  16.  PARAMETER  FAULT  SIGNATURES 
>  MISSCHEDULEO  FINAL  NOZZLE 


FIG.  17.  EFFECT  OF  MEASUREMENT  NOISE 
ON  ESTIMATOR  PERFORMANCE 


FIG.  18.  EFFECT  OF  SAMPLING  RATE  ON  ESTIMATOR  PERFORMANCE 


DISCUSSION 

F.  HOERL 

How  do  you  define  the  effective  time  constant  for  a  twin  spool  engine? 
Author's  Reply: 

The  effective  time  constant  is  evaluated  from  eq  (3): 
tji  »  Kjij.  At/B 

It  represents  an  effective  tiioe  constant  because  some  of  the  tran¬ 
sients  used  correspond  to  spool  speed  changes  ^  N  >5%,  the  normal 
limit  for  determining  actual  time  constants  from  such  simple  linear 
model  structures.  Kovever,  for  fault  diagnostic  purposes  the  relative 
differences  between  the  predicted  fault/no  fault  values  of  are  more 
important  than  the  actual  values  themselves.  Thus  effective  time  con¬ 
stants  obtained  from  larger  transients  (AN>5%)  can  still  provide 
useful  information. 

M.  TOBIN 

The  diagnostic  method  appears  to  be  predicated  on  the  assumption  that 
engine  faults  will  manifest  themselves  as  changes  in  dynamic  charac¬ 
teristics.  For  the  examples  shown(i.e.  EGT  bias  and  A8  shedule  change) 
a  transient  behaviour  change  seems  reasonable  to  expect  since  the  faults 
directly  affect  the  engine  control  system.  The  question  is,  have  you 
any  experience  which  indicates  that  turbomachinery  faults  will  similarly 
affect  dynamic  behaviour? 

Author's  Reply; 

You  are  correct  in  that  the  faults  examined  affects  the  controller 
directly.  However  we  are  currently  investigating  ways  of  detecting 
small  changes  in  component  performance,  typically  efficiency  changes 
of  the  order  of  2%  in  the  compressor  or  the  turbine.  This  work  is 
being  performed  at  an  Australian  university  under  a  DSTO  research 
agreement.  While  the  work  so  far  is  still  in  its  formative  stage,  the 
results  obtained  look  encouraging. 
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SUMNARY 

The  '*on  condition"  concept  of  aircraft  engine  aalntenance  has  led  to  Intensive 
analysis  of  the  data  recorded  by  Engine  Health  Monitoring  systems  during  steady-state 
operation  of  the  engine.  To  date  however  the  transient  data  acquired  during  take-off 
or  in-flight  have  received  far  less  attention.  This  paper  presents  the  results  of  an 
Investigation  Into  the  feasibility  of  utilizing  engine  data  acquired  during  take-off 
to  trend  the  performance  of  a  modern  turbofan  engine  (6E-F404).  Factors  influencing 
the  repeatability  of  take-off  data  such  as  throttle  rate,  variable  geometry  and 
instrumentation  effects  are  discussed.  Using  engine  data  from  operational  aircraft, 
various  trending  parameters  are  evaluated  using  a  data  capture  window  developed  to 
minimize  the  scatter  of  nominal  engine  performance.  A  statistical  tool  to  identify 
performance  shifts  1s  briefly  described,  and  Is  shown  to  successfully  detect  a  shift 
in  the  take-off  performance  of  a  recently  repaired  engine.  It  Is  concluded  that  the 
trending  of  transient  performance  data  Is  a  viable  means  of  detecting  certain  engine 
faults  and  recommendations  are  made  concerning  the  Implementation  of  such  a  program 
for  the  F404  engine. 

ROTArrON 

AMAD  airframe  mounted  accessory  drive 

EHM  engine  health  monitoring 

HPC  high  pressure  compressor 

lECMS  inflight  engine  condition  monitoring  system 

MFC  main  fuel  control 

HSOC  maintenance  signal  data  converter 

2 

PS3  static  pressure  at  high  pressure  compressor  exit,  Ibf/in 

2 

P5  total  pressure  at  low  pressure  turbine  exit,  Ibf/ln 

T1  total  temperature  at  Inlet,  deg  K 

T5  total  temperature  at  low  pressure  turbine  exit,  deg  K 

VEN  variable  exhaust  nozzle 

VG  variable  geometry 

XN1  low  pressure  spool  speed,  rpm 

XN2  high  pressure  spool  speed,  rpm 

8  P/P  standard 

G  T/T  standard 
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INTIIODUCTION 


The  recent  acquisition  of  the  CF*18  aircraft  by  Canada  has  forced  managers  to 
re-evaluate  maintenance  policies  and  procedures.  Due  to  the  high  cost  of  modern 
weapon  systems,  ways  of  reducing  operating  expenditures  while  Improving  aircraft 
availability  must  be  found.  To  help  achieve  this  goal,  the  F404  engine  used  In  the 
CF-18  Is  maintained  using  on-conditlon  maintenance. 

As  an  engine  fleet  ages,  one's  ability  to  assess  an  engine's  health  will  be  a 
significant  factor  In  determining  engine  reliability  and  availability.  If 
time-dependent  failures  can  be  detected  early-on,  fewer  failures  and  unscheduled 
maintenance  actions  may  be  expected  during  Installed  operations.  The  early  detection 
of  faults  may  also  reduce  operating  costs  by  allowing  the  user  to  replace  damaged 
components  before  repairable  limits  are  exceeded  and  before  severe  secondary  damage 
occurs . 


A  considerable,  concerted  effort  has  gone  Into  the  development  of  a  wide  range 
of  Engine  Health  Monitoring  (EHM)  technologies  suitable  for  application  to  the  F404 
engine.  To  date  however,  only  borescope  Inspections  of  the  F404  have  produced 
tangible  results.  In  an  attempt  to  meet  the  need  of  Field  Units  for  a  simple  EHM 
technique  to  complement  borescope  Inspections,  an  investigation  was  started  into  the 
possible  use  of  existing  CF-18  data  for  EHM  purposes. 

Each  CF-ld  is  equipped  with  an  Inflight  Engine  Condition  Monitoring  System 

(lECMS)  designed  to  record  engine  and  aircraft  parameters  on  a  magnetic  tape  at 

various  times  throughout  a  flight.  Figure  1  Is  a  block  diagram  of  the  Cr-18  lECMS. 
Detailed  engine  data  are  recorded  whenever: 

a.  an  engine  parameter  exceedance  is  sensed; 

b.  the  pilot  manually  depresses  a  'record'  button  located  on  the  aircraft 

Instrument  panel;  and 

c.  the  aircraft  takes-off. 

Information  from  the  magnetic  tape  Is  then  archived,  maintaining  a  record  of  every 
CF-18  take-off.  As  the  recording  of  take-off  data  Is  software  Initiated,  personnel 
are  not  Involved  In  the  data  collection  process.  These  two  factors  clearly  make 

take-off  records  one  of  the  most  attractive  sources  of  EHM  data. 

METHODOLOer 


GENERAL 


When  initially  considering  the  transient  behaviour  of  a  modern  military 
turbofan  engine,  one  cannot  help  but  immediately  conclude  that  transient  performance 
data  are  non-repeatable.  Variations  in  throttle  handling  alone  dictate  that  an 
engine  must  accelerate  at  different  rates.  Variable  geometry  schedules  and  control 
system  functions  such  as  temperature  or  speed-Umltlng  will  also  complicate  the 
overall  analysis  picture.  Clearly  then,  variables  influencing  the  acceleration  of  an 
engine  must  be  Identified  and  wherever  possible,  eliminated.  An  equally  Important 
consideration  is  the  measurement  of  transient  data  repeatability.  A  simple  means  of 
quantifying  transient  performance  data  scatter  Is  needed. 

REPEATABILITY  CONSIDERATIONS 


Several  studies  were  carried  out  to  identify  factors  that  may  Influence  the 

repeatability  of  transient  data.  The  results  of  this  survey  are  summarized  below: 

A.  AMBIENT  COHDITIQHS.  Although  standard  temperature  and  pressure  corrections 

were  employed.  Tucrow  (ref  1)  points  out  that  these  terms  do  not  account  for 
all  possible  Influences.  As  variations  In  Reynolds  and  Prandtl  numbers  are 
disregarded.  changes  In  viscosity.  specific  heat  ratio  and  thermal 
conductivity  could  contribute  to  data  non-repeatability.  Also,  the  correction 
of  transient  data  can  only  modify  parametric  values;  the  spacing  of  data  In 
time  Is  not  changed. 

8.  STARTING  SPEED.  The  Importance  of  Initial  speed  was  emphasized  by  Gold  and 
Rbs^zweig  iref  2).  Treating  the  time  response  of  an  engine  as  a  linear  first 
order  system,  they  found  that  the  time  constant  for  spool  speed  response  was 
dependent  upon  both  the  Initial  and  final  speeds  of  an  acceleration.  Clearly 
then,  CF-18  take-off  data  must  be  screened  to  ensure  that  the  range  of  speed 
increase  Is  consistent. 

C.  VARIABLE  GEOMETRY  (VG).  The  F404  incorporates  fan.  High  Pressure  Compressor 

IWn  ahfl  ~exhausi  nozzle  variable  geometry.  Fan  VG  activation  occurs 

approximately  half  way  through  a  slam  acceleration.  As  HPC  VG  activation 
occurs  much  earlier,  compressor  geometry  Is  continuously  adjusted  during  an 
acceleration.  Examination  of  test  data  revealed  that  during  a  rapid 
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acceleration,  the  F404  Variable  Exhaust  Noxile  (VEN)  laiaedlately  noved  to  and 
remained  In  the  fully  closed  position  for  approximately  4  seconds.  Thus,  data 
collected  over  this  period  would  essentially  be  from  an  engine  with  a  fixed 
nozzle. 

D.  RATE  OF  THROTTLE  MOVEMENT.  The  rate  of  throttle  movement  Influences  the  rate 
and  magnitude  or  fuel  aTded  by  the  Main  Fuel  Control  (MFC).  There  exists  a 
rate  of  throttle  movement  for  which  the  maximum  or  limiting  fuel  schedule  Is 
engaged.  If  the  throttle  Is  moved  at  this  rate  or  faster,  engine  transient 
performance  becomes  Independent  of  throttle  rate.  This  throttle  rate 
threshold  was  estimated  to  be  about  50  degrees  per  second.  As  the  lECNS  does 
not  start  recording  take-off  engine  parameters  until  the  throttle  has  been 
advanced  to  military  power,  it  might  appear  that  throttle  rate  cannot  be 
inferred  from  the  data.  Analysis  of  preliminary  results  showed  that  the 
nozzle  starts  to  close  shortly  after  the  throttle  movement  commences  and  that 
It  takes  about  1  second  for  the  nozzle  to  fully  close.  Therefore,  It  was 
concluded  that  If  the  lECMS  take-off  record  shows  the  nozzle  closing  to  zero 
percent,  then  the  duration  of  throttle  movement  was  less  than  the  nozzle 
response  time.  Consequently,  throttle  rate  can  be  estimated  using  take-off 
records . 

E.  RESLAH  EFFECTS.  A  ‘reslam*  occurs  when  two  slam  accelerations  are  carried  out 

in  quick  succession.  During  the  first  slam  engine  components  are  heated  and, 
without  sufficient  cooling  time,  the  second  slam  takes  place  with  less  heat 
being  transferred  to  the  engine  body.  The  pre-heating  of  engine  components 
will  cause  changes  In  blade  tip  clearance  and  component  efficiencies. 
Saravanamuttoo  and  Fawke  in  Reference  3  found,  when  using  a  dynamic  model  of  a 
twin  spool  engine  that  speed  response  will  be  significantly  Improved  during 
reslams.  To  eliminate  reslam  effects,  care  must  be  taken  to  ensure  that 

sufficient  cooling  time  was  allowed  between  slams. 

F.  INSTALLATION.  Whether  an  engine  Is  installed  In  the  left  or  right  side  of  a 
cr-i8  Should  make  little  difference  to  It's  dynamic  performance.  Indeed,  left 
and  right  engines  are  Interchangeable  and  the  large  inlet  ducts  are  similar  in 
every  way.  Each  engine  powers  an  Airframe  Mounted  Accessory  Drive  (AMAD) 
which  uses  generators  and  hydraulic  pumps  to  support  aircraft  systems. 
Electrical  and  hydraulic  loads  are  split  between  the  two  AMADs  and  bleed  air 
Is  extracted  equally  from  the  two  engines.  Therefore,  it  is  concluded  that  the 
side  of  the  aircraft  In  which  an  engine  Is  installed  should  not  constitute  a 
major  Influence  on  engine  performance. 

G.  INSTRUMENTATION.  The  precisions  of  the  aircraft  data  recording  system  and 
reTated  instrumentation  are  significant  factors  In  determining  the 
repeatability  of  transient  engine  data.  Using  analytical  and  experimental 
techniques  described  in  reference  4,  data  confidence  intervals  may  be  found 
and  levels  of  nominal  or  background  scatter  determined.  Furthermore,  careful 
scrutiny  of  experimental  data  repeatability  may  provide  valuable  information 
about  Instrumentation  and  data  processing  deficiencies. 

H.  OTHER  EFFECTS.  Several  other  phenomena  that  occur  during  accelerations  such 
as  Changing  seal  clearances  and  combustion  time  lag  were  considered.  It  was 
concluded  however,  that  these  effects  should  be  repeatable  from  si am-to-sl am. 

DATA  CAPTURE  UIMDOH 


The  objective  of  defining  a  data  capture  window  was  simply  to  reduce  the 
number  of  variables  affecting  the  F404‘s  transient  performance  in  the  hope  that  the 
amount  of  data  scatter  would  be  reduced.  The  data  capture  window  employed  during 
this  study  was  simply; 

a.  the  use  of  transient  data  only  during  the  period  of  time  for  which  the  VEN 
was  closed.  This  was  Intended  to  eliminate  the  influence  of  the  variable 
nozzle;  and 

b.  the  acceptance  of  take-off  data  from  only  those  records  where  the  VEN 

closure  was  shown.  In  this  way,  the  effect  of  variations  In  throttle 

movement  rate  could  be  eliminated. 

By  this  means,  repeatability  limiting  factorslc)  and  (d)  In  the  preceding  section 

were  eliminated. 

COHPARIWG  TRAMSIEMT  DATA 

When  attempting  to  compare  tine  response  traces  for  engine  parameters 
collected  during  different  accelerations,  the  problem  of  synchroni zi ng  the  data 
becomes  readily  apparent.  Indeed,  a  benchmark  must  first  be  established  to  help 
define  the  start  of  an  acceleration.  Preliminary  results  Indicated  that  fairly  broad 
variations  in  the  rate  of  throttle  movement  may  be  expected  and  consequently.  It  was 
decided  not  to  align  response  curves  on  the  basis  of  throttle  position.  Instead,  an 
attempt  was  made  to  synchronize  the  response  traces  by  defining  an  arbitrary 
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transient  starting  speed.  The  results  froia  this  trial  were  not  acceptable  as 
temperature  and  pressure  responses  tended  to  display  significant  amounts  of  scatter. 
It  became  clear  that  to  overcome  this  problem,  the  elimination  of  time  as  a  variable 
was  required.  To  accomplish  this,  engine  parameters  were  plotted  as  functions  of  one 
another,  rather  than  as  functions  of  time. 

RESULTS 


lECWS  VAIIDATIOII 

Before  attempting  to  detect  engine  faults.  It  was  first  necessary  to  identify 
and  quantify  sources  of  precision  error  within  the  ITCMS.  This  was  accomplished  by 
reading  data  directly  from  engl ne-mounted  sensors  using  a  test  cell  data  acquisition 
system  of  known  precision.  Consequently,  the  entire  lECMS  with  it‘$  associated 
precision  errors  was  bypassed.  By  comparing  data  repeatability  between  test  cell  and 
ICCMS  data  and  through  the  use  of  error  propagation  theory  (ref  5),  it  was  possible 
to  assess  the  precision  error  contribution  of  the  Maintenance  Signal  Data  Converter 
(MSDC). 


The  results  of  this  effort  are  shown  in  Table  1.  Engine  sensor  precision 
(Column  (d))  was  found  by  subtracting  the  test  cell  system  precision  (col.  (c))  from 
the  measured  data  precision  (col.  (b))  using  the  square  root  of  the  sum  of  the 
squares  method  described  In  ref  5.  Similarly,  MSDC  precision  (col  (g))  was  found  by 
subtracting  engine  sensor  precision  (col.  (d)}  from  the  overall  aircraft  data 
precision  (col  ( f ) ) . 


PRECISIONS  OF  SELECTED  PARAMETERS 
(PRECISION  VALUES  BA^O  ON  TUO  STANDARD  DEVIATION 
COMFIDENCE  LIMITS) 


PARAMETER 

TEST  CELI 

L  RESULTS 

AIRCRAFT  RESULTS 

■■■ 

TARSET 

VALUE 

(*) 

Emms 

SENSOR 

TAR6ET 

VALUE 

iei 

DATA 

PRECISION 

ff) 

MSDC 

PRECISION 

tai 

T1  K 

266 

0.22 

02 

0.1 

296.1 

1.3 

1.3 

1.0 

XN1  RPM 

10962 

9.6 

04 

9.6 

10560 

164 

153.6 

16 

XN2  RPM 

1421S 

B 

05 

7.2 

14204 

138 

138 

16 

PS3PSIA 

209.1 

B 

006 

0.7 

137.9 

1.2 

0.9 

0.5 

PS  PSIA 

34.5 

ao9 

O01 

0.09 

24.7 

0.14 

on 

0.06 

T6  K 

834.3 

0.84 

06 

0.8 

871.0 

^0 

1.9 

1.0 

By  comparing  the  MSDC  precision  (col.  (g))  to  that  of  the  engine  sensors  (col. 
(d)).  It  Is  evident  that  the  MSDC  Is  a  significant  source  of  precision  error  for 
temperature  and  speed  measurements.  A  review  of  the  analog  to  digital  conversion 
process  within  the  MSDC  revealed  that  the  MSDC  digital  resolution  (col.  (h))  for 
temperature  and  pressure  terms  was  not  high.  In  fact,  most  of  the  temperature  and 
pressure  readings  fell  within  one  bit  'toggle'  of  the  mean  value.  This  finding 
suggests  that  the  precision  of  the  ICCMS  would  not  be  significantly  Improved  by  using 
more  precise  engine  sensors.  The  number  of  bits  assigned  to  each  parameter  must  be 
increased  If  overall  data  repeatability  is  to  be  Improved. 

The  large  MSDC  precision  values  for  rotor  speeds  suggest  that  the  MSDC  Is 
incapable  of  precisely  converting  frequency  signals  to  digital  outputs.  In  addition. 
It  was  discovered  that  the  engine  fuel  flow  meters  are  sampled  by  the  lECMS  at  a  rate 
greater  than  the  response  time  of  the  flow  meters. 

ASSESSING  TRANSIERT  DATA  SCATTER 

Recognizing  that  scatter  exists  In  transient  data.  It  was  necessary  to 
quantify  this  non-repeatability  so  that  true  performance  shifts  could  be 
distinguished  from  the  nominal  scatter.  This  was  accomplished  by  carrying  out  a 
series  of  slam  accelerations  In  aircraft  under  controlled  conditions.  For  each 
acceleration,  engine  parameters  were  cross  plotted  and  curve  fitted.  Using  all  the 
curve  fits  from  a  particular  set  of  accelerations.  It  was  possible  to  quantify  the 
amount  of  nominal  curve  fit  scatter  by  applying  a  statistical  distribution  (Figure  2) 
to  the  data.  Assuming  a  normal  statistical  distribution,  a  confidence  interval  or 
band  for  each  cross  plotted  pair  of  parameters  was  found.  Examination  of  these 
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results  revealed  that  confidence  Intervals  for  transient  data  were  quite  narrow. 
Also,  these  Intervals  were  repeatable  froA  engine-to-engl ne  and  a1 rcraft -to>ai rcraf t . 

OPERATOR  AND  INLET  TEMPERATURE  EFFECTS 


During  the  analysis  of  aircraft  back-to-back  slam  acceleration  data.  It  became 
apparent  that  despite  the  use  of  a  data  capture  window,  several  variables  were  still 
Influencing  transient  data  repeatability.  Some  of  the  observed  performance  shifts 
not  caused  by  engine  faults  were: 

a.  Throttle  Overshoot.  Figure  3  clearly  shows  that  even  a  momentary  throttle 
oversnoot  i nto  the  afterburner  range  can  cause  a  shift  in  a  performance 
baseline. 


b.  Inlet  Screens.  Two  sets  of  slams  were  carried  out  on  the  same 
atrrrame/engtne  combination  under  virtually  Identical  ambient  conditions 
except  that  ant1 -personnel  screens  were  left  Installed  during  one  set. 
Figures  4  and  6  show  that  the  effect  of  the  inlet  screen  Is  quite 
noticeable  at  higher  Inlet  Mach  numbers. 

c.  fteslam  Effects.  During  one  of  the  tests.  Insufficient  cooling  time  was 
a  1 1  owed  before  the  second  slam  was  made.  Figure  6  shows  that  a 
s1g''1f1cant  baseline  shift  was  observed  for  the  reslam  acceleration. 

d.  Throttle  Rate.  At  the  end  of  each  set  of  back-to-back  slams,  technicians 
were  asked  To  perform  an  acceleration  at  a  different  rate  of  throttle 
movement.  Analysis  of  these  data  Indicated  that  throttle  rates  greater 
than  45  deg/sec  produced  repeatable  transient  performance.  Furthermore. 
It  was  demonstrated  that  take-off  records  showing  the  nozrle  closure  were 
also  take-offs  with  throttle  rates  greater  than  45  deg/sec.  This  finding 
clearly  supports  the  earlier  data  capture  decision. 

e.  Inlet  Temperature.  It  was  found  that  changes  of  inlet  temperature 
resulted  in  significant  baseline  shifts  (Figures  7  and  8).  These  results 
strongly  suggest  that  the  correction  scheme  employed  was  not  adequate  to 
remove  all  ambient  effects.  Inlet  temperature  constitutes  a  major 
Influence  on  transient  data  repeatability.  This  phenomenon  requires 
further  work  so  that  ambient  effects  may  be  quantified  and  better 
correction  schemes  developed. 

f.  Starting  Speeds.  A  survey  of  seven  sets  of  back*to-back  slams  indicated 
tnat  rotor  speeds  at  the  start  of  accelerations  were  very  repeatable.  The 
standard  deviations  of  fan  and  core  speeds  were  4%  and  Z%  respectively. 
This  Is  quite  remarkable  when  one  considers  that  these  speeds  were 
established  using  only  the  throttle  ground  Idle  stop.  The  better 
repeatability  of  HP  spool  starting  speed  Is  significant  in  that  engine 
transient  behaviour  is  most  sensitive  to  HP  spool  disturbances  (ref  6). 


DETECTING  AN  ENGINE  FAULT 


During  a  routine  borescope  Inspection,  Engine  number  376020  was  found  to  have 
extensive  High  Pressure  Compressor  (HPC)  damage.  During  the  repair  process,  it  was 
determined  that  the  damage  was  likely  caused  by  the  failure  of  a  hook-bolt  locking 
tab  in  the  HPC.  Prior  to  the  borescope  Inspection,  this  engine  was  installed  in  the 
right  side  of  an  aircraft  and  following  repairs.  It  was  Installed  In  the  left  side  of 
another  aircraft.  Several  records  were  obtained  for  both  pre-repair  (and  possibly 
faulted)  and  post-repair  take-offs,  and  the  datawere  curve  fitted  and  cross  plotted. 
For  this  set  of  take-off  records  the  inlet  temperature  range  was  approximately  30  deg 
C.  Some  of  these  results  are  shown  In  Figures  9  and  10. 

The  significance  of  the  observed  shifts  Is  more  evident  In  Table  2.  Note  that 
for  each  of  the  six  cross  plotteo  parameters  shown,  the  observed  shift  In  the  curve 
fits  exceeded  the  amount  of  nominal  curve  fit  scatter.  An  automated  means  of 
detecting  shifts  in  transient  behaviour  was  developed.  This  technique  uses  the 

curve  fit  confidence  interval  obtained  from  the  back-to-back  slam  acceleration  tests 
and  Kalman  Filter  Theory  (ref  7)  to  determine  when  a  shift  has  occurred.  Although 

fully  described  In  reference  4,  this  method  has  the  following  features: 

a.  successive,  nominal  take-off  data  are  used  to  update  the  curve  fits  formed 

by  cross  plotting  engine  parameters.  In  this  way,  the  estimated  mean 

relation  between  two  parameters  Is  improved; 

b.  the  confidence  Interval  about  the  curve  fitted  line  may  be  reduced  in  width 
as  additional,  nominal  transient  data  are  obtained.  As  more  Is  learned 
about  the  transient  behaviour  of  an  engine,  sensitivity  to  performance 
shifts  Is  Improved;  and 

c.  the  filter  automatically  Identifies  those  take-offs  for  which  data  He 

outside  the  acceptable  confidence  Interval. 


CURVE  FIT  SHIR  SMMRY  FOR 
EN61RE  WITH  fMNAfiEO  COMPRESSOR 


While  It  has  been  shown  that  a  performance  shift  occurred,  it  has  not  been 
proven  that  this  change  was  exctusively  caused  by  flow  path  damage  in  the  HPC. 
However,  several  factors  Indicate  that  this  was  the  most  likely  cause.  These  are: 

a.  the  changes  believed  to  be  caused  by  damage  to  the  HPC  were  compared  with 
results  from  a  r404  steady  state  computer  model  with  an  embedded 
compressor  fault.  None  of  the  predicted,  steady  state  baseline  shifts 
conflicted  with  the  observed  transient  results; 

b.  in  reference  6  MacCallum  employed  a  transient  model  of  a  twin  spool  bypass 
engine  to  study  the  effects  of  component  faults  on  engine  performance. 
Among  other  things.  NacCallum's  analysis  predicted  a  slower  XN)  and  P$3 
response  for  a  damaged  engine,  both  of  which  were  observed  in  the  present 
data.  MacCallum  also  predicted  that  the  XN2  transient  response  would  be 
significantly  slower,  tut  this  was  not  observed.  With  regard  to  observed 
shifts  in  cross  plotted  data,  non*  were  contradicted  by  MacCallum's 
results.  Overall  then.  It  is  believed  that  the  fault  characteristics  were 
generally  supported  by  the  work  of  MacCallum; 

c.  a  fault  'signature*  was  constructed  by  noting  the  observed  direction  of 
shift  for  each  cross  plotted  pair  of  parameters.  Similar  signatures  were 
obtained  for  the  documented  operator  and  ambient  temperature  effects. 
Comparing  these  sets  of  cross  plot  shifts,  it  was  determined  that  the 
faulted  engine  exhibited  an  unique  set  of  baseline  shifts,  and  therefore 
operator  and/or  ambient  effects  could  not  satisfactorily  explain  the 
faulted  engine  data.  Superposition  of  ambient  temperature  effects  was 
also  used  and  it  was  concluded  that  the  observed  changes  could  not  be 
explained  by  operator  effects  such  as  throttle  overshoot  or  throttle 
reslam. 

Overall  then,  it  was  concluded  that  the  detected  change  in  performance  was 
consistent  with  the  known  HPC  damage.  Furthermore,  it  was  demonstrated  that  the 
dynamic  characteristics  of  such  a  fault  could  not  be  confused  with  other  non-fault 
related  performance  changes. 

CORCIUSIOWS 

From  this  brief  investigation  of  CF-18/F404  IECM5  data,  it  may  be  concluded 

that : 

a.  transient  F404  ICCMS  parameters  were  repeatable  within  ^  IX  during  rapid 
accelerations  from  ground  Idle  to  military  power  given  tlTat: 

I)  throttle  rate  Is  at  least  45  deg/sec; 

II)  analysis  Is  carried  out  while  the  nozzle  Is  closed; 

III)  the  ambient  temperature  did  not  change  significantly;  and 
1v)  a  cool  down  period  was  allowed  prior  to  the  accelerations. 
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b.  overall,  the  existing  lECM  systea  has  sufficient  precision  to  permit  the 
detection  of  changes  In  the  F404*s  dynamic  performance; 

c.  difficulties  In  synchronizing  time-dependent  data  can  be  resolved  by 
cross  plotting  engine  variables  directly; 

d.  engine  faults  can  be  detected  by  analyzing  automatically  recorded 
CF-18/f404  take-off  data; 

e.  a  statistical  treatment  of  transient  data  proved  to  be  a  reliable  means  of 
detecting  shifts  In  performance;  and 

f.  If  Improved  precision  of  lECMS  data  Is  desired,  attention  should  be 
focused  on  Improving  the  data  handling  qualities  of  the  M$0C  rather  than 
on  Increasing  sensor  precision. 

KECOMMEIIDATIOIIS 


The  monitoring  of  F404  transient  performance  appears  to  be  a  feasible  means  of 
passively  detecting  engine  faults,  however,  additional  work  Is  needed  before  such  a 
system  could  be  implemented  on  a  fleet-wide  basis.  These  continuing  efforts  should 
1 nc 1 ude : 

a.  development  of  better  correction  methods  to  remove  ambient  temperature 

Influences  In  transient  data; 

b.  a  review  of  lECMS  sensor  and  data  processing  characteristics  with  the  aim 
of  improving  the  repeatability  of  engine  data; 

c.  development  of  a  dynamic  F404  computer  model  capable  of  having  faults 

embedded;  and 

d.  expansion  of  the  statistical  methods  developed  to  analyze  transient  data. 
New  curve  fitting  algorithms  and  filtering  techniques  could  be  employed  to 
Increase  the  sensitivity  of  this  method  to  performance  changes. 
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DISCUSSION 

G.  MERRIHGTON 

Some  of  your  results  show  significant  shifts  with  inlet  t"  T2?  The 
measured  value  on  the  F404  is  compensated  for  variations  in  fan  speed. 
Did  you  use  this  compensated  value  or  actual  true  inlet  t°?  If  you 
used  the  compensated  value,  how  would  you  expect  this  to  affect  the 
correlation? 

Autho^VVeply : 

During  the  initial  stages  of  my  study  I  acquired  a  large  amount  of 
steady  state  test  cell  data  from  the  NRCX!!.  1  compared  the  bellmouth 
t^  with  the  fan  inlet  t^  measured  on  the  F404  and  observed  the  depen¬ 
dence  of  T2  on  fan  speed.  A  ctMopensation  scheme  for  T2  was  developed 
and  employed  in  all  subsequent  data  analysis.  Consequently,  I  do  not 
believe  that  the  dependence  of  T2  on  fan  speed  affects  cross-plot  cor¬ 
relations. 

M,  HAMER 

The  P5  measurement  is  a  single  probe.  How  well  does  it  track  the  tur¬ 
bine  exit  profiles,  especially  at  various  Mach/altitude  conditions? 
Author's  Reply: 

The  technique  is  intended  to  be  applied  only  to  the  take-off  engine 
data.  Consequently,  Mach/altitude  effects  should  not  be  significant. 

D.  DOEL 

Do  you  have  a  transient  model  for  the  F404  engine  and  if  so  have  you 
run  it  to  try  to  understand  the  T2  effects? 

Author's  Reply: 

Unfortunately  CANADA  does  not  yet  have  a  F404  transient  model. 

H,  BEAUREGARD 

Have  you  considered  changing/modifying  the  MSDC  to  improve  data  accu¬ 
racy/repeatability  of  transient  data? 

Author's  Reply: 

My  report  recommended  that  the  Canadian  Air  Force  consider  improvements 
to  the  CF18  lECM  system.  Modifying/changing  the  MSDC  would  be  part 
of  such  an  improvement  program.  Although  the  implementation  of  modi¬ 
fications  to  lECMS  is  the  responsability  of  our  headquarters,  the  ul¬ 
timate  decision  to  modify  lECMS  will  be  dependent  upon  overall  requi¬ 
rements  of  the  CF18  weapon  system. 
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SPACE  SHUTTLE  MAIM  EMC IMS  MOMITORING  EXPERIENCE  AMD 
ADVANCED  MONITORING  SYSTEMS  DEVELOPMENT 
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NASA,  George  C.  Marshall  Space  Flight  Center 
Marshall  Space  Plight  Center,  Alabama  3S812,  USA 


SUMMARY 

Advanced  space  transportation  systems  must  provide  improved  availability,  reliability, 
safety,  and  reduced  cost  in  order  to  make  a  new,  more  vigorous  level  of  space  activity 
economically  feasible.  Earth-to-Orbit  (BTO)  propulsion  monitoring  systems  are  a  major 
factor  in  progress  toward  these  improvements,  and  in  the  success  of  current  systems. 
Operational  experience  with  the  Space  ShuttHe  Main  Engine  (SSME)  ,  the  first  reuseU:>le  ETO 
rocket  engine,  is  valuable  for  examining  current  rocket  engine  monitoring  capability  and 
technology  developments.  This  paper  surveys  SSME  monitoring  practice  and  experience. 
Unique  aspects  of  rocket  engine  mission  requirements  are  highlighted  to  provide  improved 
understanding  of  engine  monitoring  practices  and  technology  needs.  Current  ETO  engine 
monitoring  technology  development  goals  and  their  relation  to  SSME  experience  and  future 
transportation  system  mission  needs  are  outlined.  With  this  foundation,  the  techniques 
and  components  addressed  within  current  technology  programs  are  discussed  to  complete  a 
picture  of  ETO  propulsion  monitoring  status  and  development. 

INTRODUCTION 

For  many  reasons,  out  of  all  CTO  liquid  rocket  engines  which  have  been  built  and 
operated,  the  SSMZ  is  the  most  instructive  engine  to  examine  for  monitoring  experience. 

In  many  characteristics,  the  SSME  is  representative  of  other  pump  fed  liquid  rockets  and 
thus  encompasses  many  past  rocket  engine  monitoring  requirements.  But,  the  demands  of 
the  shuttle  vehicle  and  mission  distinguish  the  SSME  in  many  other  ways.  Manned  opera*- 
tions,  3g  maximum  vehicle  acceleration  limits,  approximately  33.5  kPa  (700  psf)  maximum 
vehicle  dynamic  pressure  limits,  high  performance,  accurate  propellant  utilization  through 
engine  mixture  ratio  control  to  tl%,  and  reuseability  design  goals  of  55  starts  and 
27,000  sec  of  operation  are  some  of  those  demands.  Resulting  unique  characteristics 
include  a  staged  combustion  cycle,  closed  loop  digital  computer  control  of  thrust  and 
mixture  ratio,  a  vacuum  specific  impulse  of  453  sec,  a  throttle  range  from  63  to  111% 
of  rated  power  level,  extended  development  and  certification,  extensive  self  test,  and 
extensive  monitoring  [1].  These  characteristics  place  many  demands  on  monitoring  cap¬ 
ability;  demands  which  in  many  cases  will  remain  for  future  engines.  SSME  development 
began  in  the  early  1970 's.  The  engine  has  been  utilized  reliably  and  safely  for  flight 
operations  since  1981.  Monitoring  has  played  a  major  role  in  these  successful  operations. 
Therefore,  this  paper  will  review  SSME  monitoring  history  and  experience  to  provide  a 
status  of  ETO  engine  monitoring  practice  and  a  view  of  new  monitoring  technology. 

Monitoring  takes  many  different  forms,  all  very  intensive,  when  applied  to  an  engine 
such  as  the  SSME.  Much  of  the  monitoring  effort  requires  human  expertise,  specialized 
equipment,  substantial  computational  power,  large  data  management  capacity,  sophisticated 
communications  resources,  and  significant  operational  time.  Monitoring  systems  can  be 
viewed  as  a  series  of  layers.  Engine  monitoring  includes,  at  the  core,  extracting  and 
utilizing  the  data  necessary  for  engine  control,  e.g.,  valve  position  feedback  for  error 
determination  and  correction.  In  the  second  layer,  it  involves  real  time  acquisition  and 
use  of  various  Control  and  Monitoring  System  (CMS)  parameters  and  engine  parameters  to 
determine  if  the  engine  is  operating  properly.  If  the  system  is  not  operating  properly, 
then  monitoring  also  involves  determining  the  necessary  action  to  respond  safely  to 
anomalous  operation.  In  the  third  layer,  monitoring  is  employed  to  determine  the  condi¬ 
tion  of  the  engine  for  maintenance  requirements  and  to  assess  readiness  for  another 
mission.  At  the  fourth  and  outermost  layer,  monitoring  is  utilized  to  assess  trends 
which  may  indicate  that  design  changes  are  necessary.  This  paper  will  discuss  the  latter 
three  layers,  with  concentration  on  the  last  two.  To  appreciate  the  nature,  scope,  and 
intensity  of  ETO  engine  monitoring,  it  is  necessary  to  first  provide  background  informa¬ 
tion  on  the  SSME. 


BACKGROUND 

The  SSME  is  undoubtedly  the  most  complex  and  highest  performance  propulsion  system 
ever  built.  For  example,  the  High  Pressure  Fuel  Turbopump  (HPFTP)  weighs  approximately 
340.8  kg  (750  lbs),  and  yet  at  full  engine  power  it  generates  approximately  58.2  MW 
(78,000  hp)  of  power.  The  engine  utilizes  liquid  hydrogen  and  liquid  oxygen  as  propel¬ 
lants.  The  hydrogen  enters  the  engine  at  approximately  21  K  (38  R)  and  310  kPa  (45  psia) , 
and  the  oxygen  enters  at  94  K  (170  R)  and  689  kPa  (100  psia).  The  propellants  leave  the 
engine  at  over  1222  K  (2200  R)  and  17.9  kPa  (2.6  psia)  with  a  speed  of  4441.5  m/sec 
(14572  ft/sec)  after  being  expanded  from  3611  X  (6500  R)  and  20726  kPa  (3006  psia)  to 
produce  2090.6  kN  (470,000  lbs)  of  vacuum  thrust  at  nominal  Rated  Power  Level  (100%  RPL) . 
A  schematic  of  the  engine  cycle  and  typical  109%  operational  parameters  are  provided  in 
Figure  1.  in  the  SSME  cycle,  low  pressure  fuel  and  oxidizer  turbopumps,  located  at  pro¬ 
pellant  inlets,  provide  the  proper  head  for  the  two  high  pressure  pumps.  Fuel  from  the 
High  Pressure  Fuel  Pump  (HPFP)  discharge  is  routed  to  cool  the  Main  Combustion  Chamber 
(MCC) ,  nozzle,  and  other  hot  gas  flow  path  components  of  the  engine.  The  main  chamber 
coolant  discharge  is  used  to  power  the  Low  Pressure  Fuel  Turbine  (LPFT) .  The  nozzle 
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coolant  discharge  is  mixed  with  bypass  flow  and  fed  to  the  two  preburners.  Oxygen  is 
routed  from  the  High  Pressure  Oxidizer  Pump  (HPOP)  to  drive  the  Low  Pressure  Oxidizer 
Turbine  (LPOT)  and  feed  the  main  injector.  It  is  also  fed  to  a  Preburner  Boost  Pump 
(PBP)  which  provides  oxidizer  at  the  necessary  higher  pressure  to  the  two  preburners. 

The  two  preburners  provide  fuel-rich  combustion  gasses  to  each  respective  high  pressure 
turbine.  The  turbine  discharge  is  then  routed  through  the  Hot  Gas  Manifold  (HGM)  and  fed 
to  the  main  injector  where  it  is  mixed  with  oxygen  from  the  HPOP  outlet.  Pinal  combustion 
occurs  in  the  MCC  and  the  resulting  gases  are  expanded  through  the  supersonic  nozzle. 

The  engine  also  includes  a  POGO  suppression  accumulator  with  associated  controls;  tank 
repressurization  discharges  with  an  associated  oxygen  heat  exchanger;  a  pneumatic  con¬ 
troller  to  manage  engine  purges  and  the  failsafe  shutdown  system;  and  avionics  to  con¬ 
trol  «  manage,  and  monitor  the  engine. 

During  flight  and  in  ground  test,  the  SSM£  operates  in  one  of  three  possible  modes: 
start,  mainstage,  and  shutdoim.  Closed  loop  control  of  the  main  combustion  chaunber  pres¬ 
sure  and  the  mixture  ratio  is  utilized  throughout  the  normal  engine  power  range.  Thrust 
control  is  effected  through  the  Oxidizer  Preburner  Oxidizer  Valve  (OPOV)  and  mixture  ratio 
control  is  effected  through  the  Fuel  Preburner  Oxidizer  Valve  (PPOV) .  Prior  to  start,  a 
series  of  functional  self  tests  are  run,  followed  by  turbomachinery  thermal  conditioning 
and  a  series  of  four  purge  sequences.  The  purge  sequences  are  run  until  an  engine  ready 
condition  is  reached.  The  engine  may  be  fired  from  approximately  1  hr  to  24  hr  after 
start  preparation  begins.  Proper  thermodynamic  conditions  and  operating  states  are  auto¬ 
matically  monitored  for  and  must  be  met  prior  to  start.  During  the  low  power  level  por¬ 
tions  of  start  and  shutdown,  preprogrammed  open  loop  sequences  are  used  to  command  all 
five  main  propellant  valves.  Start  lasts  approximately  5  sec  while  shutdown  (which  may 
be  entered  at  any  time  after  the  start  signal)  lasts  approximately  3.5  sec.  Other  engine 
operating  modes  include  electrical  valve  lockup,  hydraulic  valve  lockup,  and  pneumatic 
shutdown  to  provide  various  levels  of  CMS  system  fail-operate  and  failsafe  options.  During 
shutdown,  purges  are  initiated  to  clear  the  engine  of  combustibles  and  various  control 
devices  are  returned  to  their  shutdown  state.  After  shutdown,  engine  drying  purge  lines 
are  installed  and  purges  are  operated  to  remove  all  water  remaining  from  the  combustion 
process.  Dew  point  checks  indicate  when  drying  is  complete,  at  which  time,  the  engine  is 
ready  for  turnaround  operations  necessary  to  prepare  it  for  another  firing. 

Each  SSME  is  assembled  as  a  combination  of  Line  Replaceable  Unit  (LRU)  components. 

These  components  consist  of  the  major  assemblies  such  as  the  valves,  turbopumps,  ducts, 
manifolds,  injectors,  nozzle,  main  combustion  chamber,  and  many  others  which  can  form 
any  particular  engine  build.  Each  LRU  that  is  flight  qualified  has  met  many  stringent 
requirements  for  integrity  and  quality  which  culminate  with  the  ground  test  program. 
Requirements  placed  on  flight  components  include  that  they  be  ground  test  fired  and  that 
there  be  two  equivalent  components  within  the  ground  test  program  that  have  at  least 
twice  the  accumulated  firing  time  as  the  highest  accumulated  flight  component  firing 
time.  Because  of  these  requirements,  the  SSME  has  operated  cumulatively  281,770  sec  in 
ground  test  versus  37,930  sec  in  flight.  Since  ground  testing  is  so  extensive,  so  funda¬ 
mental  to  flight  reliability,  and  has  an  operational  nature,  monitoring  experience  from 
ground  firing  is  equal  in  importance  to  flight  experience.  Because  ground  test  goals, 
requirements  and  capabilities  differ  somewhat  from  those  in  flight,  ground  test  monitoring 
differs  from  flight  monitoring.  These  differences  will  be  noted  throughout  this  paper. 

The  ground  test  program  has  required  six  types  of  engine  tests.  These  are  development 
tests,  certification  tests,  green  run  tests,  acceptance  tests,  Main  Propulsion  Test  Article 
(MPTA)  tests,  and  Flight  Readiness  Firings  (FRF) .  Development  tests  are  run  primarily  to 
solve  problems  and  investigate  improvements  to  design  or  operation.  Certification  tests 
expose  an  "all  up"  improved  configuration  to  a  simulated  flight  series  of  firings  to 
qualify  design  improvements  for  flight.  Green  run  tests  expose  new  or  newly  overhauled 
components  to  a  first  firing.  Acceptance  tests  verify  that  new  hardware  meets  the  require¬ 
ments  for  admission  to  the  fleet.  MPTA  tests  provide  cluster  firings  to  qualify  the  three 
engine  cluster,  feed  subsystem,  and  external  tank  as  a  system.  FRF's  qualify  new  vehicles 
along  with  their  main  engines  on  the  launch  pad.  Engine  operation  during  flight  varies 
little  from  one  mission  to  the  next  unless  a  failure  occurs. 

Engine  monitoring  starts  with  onboard  systems  to  provide  data  and  monitoring  functions. 
The  engine  mounted  SSME  avionics  system  includes,  in  a  single  package,  two  identical  cross 
strapped  engine  mounted  digital  computers,  input  electronics,  output  electronics,  and 
timers,  with  redundancy  allowing  no  single  point  failures.  This  package,  known  as  the 
controller,  interfaces  with  the  vehicle  or  test  stand  to  receive  commands  and  to  transmit 
128  standard  engine  measurements  in  the  Vehicle  Data  Table  (VDT) .  The  input  electronics 
convert  signals  for  performance  instrumentation  Including:  a  turbine  fuel  flowmeter, 
shaft  speed  detectors,  platinum  wire  resistance  temperature  sensors,  pressure  transducers, 
and  both  rotary  and  linear  variable  differential  transformers.  The  output  electronics 
condition  commands  for  the  five  hydraulically  actuated  main  propellant  valves,  the  propel¬ 
lant  augmented  electrical  spark  ignitors,  electronic  servoswitches ,  and  the  heli\im- 
actuated  pneumatic  failsafe  shutdown  system.  Software  implements  the  control  laws,  control 
logic,  threshold  failure  detection  logic  (redlines),  and  much  of  the  self  test  and  moni¬ 
toring  logic. 

During  typical  engine  testing,  on  the  order  of  500  measurements  are  taken  and  recorded 
from  both  the  engine  and  the  facility.  These  include  the  128  VDT  parameters  at  a  sample 
rate  of  one  sa2T^le  every  40  msec  (every  other  major  cycle)  .  An  additional  set  of  digital 
data  is  sampled  every  20  msec  through  the  facility  data  handling  system.  Analog  parameters 
are  recorded  on  facility  systems  for  acceleration,  strain  measurements  and,  on  occasion, 
high  frequency  pressure  measurements.  Additional  engine  test  information  is  available  from 
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video  coverage.  Fewer  data  are  available  from  a  typical  flight.  Standard  flight  data 
consists  of  the  VDT  data  and  measuresients  fron  six  turbopump  accelerometers.  Special 
instriamentation  such  as  strains  or  additional  accelerometer  units  are  often  placed 
onboard  for  additional  monitoring.  Some  engine  compartment  n^asurements  are  also  avail¬ 
able.  These  include  temperatures,  pressures  and  engine  compartment  vent  flow  gas  seui^les 
from  a  pyrotechnic  actuated  grab  bottle  system  for  post-flight  leakage  analysis.  Prior 
to  engine  ignition,  leakage  is  detected  by  a  hazardous  gas  detection  system  built  into 
each  launch  pad.  With  this  system,  concentrations  of  various  gasses  are  provided  to 
launch  personnel  in  near  real-time. 

A  typical  flight  thrust  profile  is  shown  in  Figure  2.  It  includes  a  5  sec  start 
period,  approximately  25  sec  of  1001  power  level  operation,  a  10%/sec  throttle  down  to 
65%  power  to  reduce  MAX  Q  orbiter  aerodynamic  loads,  throttle  up  to  104%  after  30  sec  at 
65%,  430  sec  at  sustained  104%  operation,  then  a  slow  l%/3  sec  throttle  down  to  65%  to 
limit  acceleration  loads  on  the  vehicle,  and  finally  an  approximately  3.5  sec  shutdown 
sequence.  A  simulated  flight  throttle  profile  is  often  utilized  for  test  firings.  How¬ 
ever,  ground  tests  can  and  have  taken  advantage  of  the  many  different  power  levels  and 
durations  that  the  engine  is  capable  of  providing.  Propellant  inlet  conditions  vary 
during  a  mission,  allowing  pump  net  positive  suction  pressure  to  drop  as  low  as  41  kPa 
(6  psi)  on  the  fuel  side  and  138  kPa  (20  psi)  on  the  lox  side. 

SSM£  MOMITORJHG  SYSTEMS 

Discussion  of  SSME  monitoring  experience  would  not  be  complete  without  an  introduction 
to  the  methods,  techniques,  and  systems  utilized  to  perform  data  reduction,  translation, 
storage,  transmittal,  presentation,  and  archiving.  Although  much  of  the  data  handling, 
storage,  and  processing  is  automated,  significant  expert  engineering  talent  is  required 
to  follow  and  diagnose  engine  condition  on  a  day  to  day  basis.  The  scope  of  the  monitor¬ 
ing  effort  has  grown  since  the  ir.itial  testing  of  the  engine.  This  is  because  of  the 
learning  that  has  occurred  with  respect  to  hardware  condition  that  results  from  the 
demands  placed  on  engine  hardware  by  the  engine  cycle  and  operating  conditions.  Of  course, 
compared  to  a  typical  jet  engine,  rocket  engine  monitoring  is  always  far  more  intense  due 
to  the  criticality  of  the  mission  and  the  higher  cost  of  the  hardware  itself.  Much  of  the 
condition  monitoring  process  is  implemented  on  general  purpose  computing  equipment  and 
data/conununications  equipment.  This  has  evolved  during  the  SSME  program  due  both  to  the 
Increased  scope  of  monitoring  and  the  tremendous  explosion  in  electronics  technology. 
Computer  and  software  technology  has  allowed  monitoring  manpower  requirements  to  remain 
nearly  constant.  A  learning  curve  effect  also  plays  a  role  in  increased  monitoring 
efficiency.  A  general  overview  of  current  SSME  condition  monitoring  methods,  techniques 
and  systems  will  begin  with  ftight  systems. 

The  typical  monitoring  process  for  flight  starts  with  a  series  of  Flight  Readiness 
Reviews.  The  reviews  begin  with  project  management  and  work  up  to  Senior  NASA  management. 
During  the  reviews,  all  problems  or  special  conditions  are  discussed,  component  history  is 
covered,  results  of  past  operations  summarized,  and,  in  general,  readiness  is  decided  upon 
including  a  clear  course  of  action  to  resolve  any  questionable  conditions.  This  review 
process  typically  takes  place  less  than  a  month  prior  to  launch.  If,  during  any  ot  the 
prelaunch  processing  operations,  a  failure  occurs,  a  team  is  formed  to  resolve  the  failure 
and  return  the  system  to  flight  status.  For  example,  prior  to  flights  41-D  and  51-F, 
launch  attempts  were  aborted  when  abnormal  main  propellant  valve  actuator  responses  were 
detected  in  the  engine  self-monitoring  circuitry  while  the  engines  were  in  start  mode. 

The  abnormal  responses  caused  a  switchover  to  redundant  channels  and  invoked  Major  Com¬ 
ponent  Fail  <MCP)  logic  which  leads  to  a  shutdown  if  all  levels  of  redundant  systems  are 
not  operable  prior  to  launch  commit.  After  these  failures,  extensive  investigations  were 
undertaken.  Including  teardowns,  functional  tests,  laboratory  tests,  analytic  investiga¬ 
tions,  simulations,  and  failure  reconstruction.  Probable  causes  were  found  and  solutions 
were  generated,  agreed  to,  and  implemented.  Launch  occcurred  within  one  to  two  months 
after  each  abort.  The  MCF  logic  is  part  of  a  formal  Launch  Commit  Criteria  which  is 
reflected  in  all  of  the  automatic  launch  logic  leading  up  to  the  time  of  Solid  Rocket 
Booster  ignition. 

During  powered  flight,  VDT  data  is  telemetered  to  the  Kennedy  Space  Center  in  Florida 
at  1  sample/second.  During  prelaunch  preparations,  which  start  with  tank  loading  and 
carry  through  to  engine  start,  low  rate  data  is  obtained  from  the  engine  systems  mentioned 
earlier  plus  many  ground  systems.  Expert  engineering  personnel  (numbering  about  20) 
follow  the  process  in  the  firing  room  near  the  Vehicle  Assembly  Building.  The  data  is 
also  linked  via  satellite  to  the  Huntsville  Operations  Support  Center  (HOSC)  at  Marshall 
Space  Flight  Center  in  Huntsville,  Alab^una;  to  Rockwell  in  Downy,  California,  from  there 
to  Rocketdyne  in  Canoga  Park,  California;  and  to  Mission  Control  at  Johnson  Space  Center 
in  Houston,  Texas.  Up  to  the  time  the  vehicle  clears  the  tower,  control  of  the  mission 
rests  with  the  firing  room  at  Kennedy,  Then  control  is  handed  over  to  Johnson  for  the 
duration.  HOSC  is  on-line  in  an  advisory  capacity.  During  powered  flight,  all  engine 
VDT  parameters  are  followed  by  humans  even  though  most  processes  are  fully  automatic 
onboard.  In  limited  circumstances,  though,  certain  functions  can  be  overridden.  Such  an 
override  occurred  on  mission  51-F  when  two  HPFTP  turbine  discharge  temperature  sensors 
failed  in  quick  succession.  The  exact  sequence  of  failure  led  to  an  erroneous  engine 
shutdown.  A  brief  time  later,  another  sensor  failed  on  one  of  the  two  remaining  engines. 
Ground  controllers  at  the  engine  panel  in  Houston  noticed  the  second  sensor  on  that  same 
engine  begin  behaving  erratically  and  called  for  a  redline  inhibit  which  cancelled  the 
authority  of  all  automatic  redline  shutdown  logic,  allowing  the  mission  to  proceed  success¬ 
fully.  Once  the  shuttle  achieves  orbit,  full  resolution  engine  VDT  data  is  telemetered 
to  ground  receiving  stations  in  the  NASA  tracking  network.  Frcxn  there,  the  data  is  placed 
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on  a  data  network  for  transmittal  via  satellite  to  the  user  sites  at  NASA  Marshall  and  at 
Rocketdyne.  High  frequency  data  is  stored  onboard  the  orbiter  until  landing,  at  which 
tine  the  data  tapes  are  off-loaded  and  shipped.  Plight  data  processing,  analysis  and 
review  is  similar  to  ground  test  processing  and  will  be  outlined  later. 

The  typical  monitoring  process  for  ground  testing  begins  with  a  test  readiness  review 
held  via  teleconference  between  the  manufacturer,  test  personnel,  NASA  project  personnel. 
Chief  Engineer's  representatives,  and  engineering  personnel  representing  various  technical 
disciplines.  The  review  covers  the  results  of  the  previous  test,  any  hardware  changes 
made,  any  software  chemges  made,  any  special  investigations,  the  time  on  coo^onents,  the 
test  procedures,  the  test  goals  and  objectives,  and  any  special  conditions  for  the  test. 
Particular  attention  is  given  to  components  with  extensive  firing  time.  High  time  com¬ 
ponents  are  flagged  by  how  close  they  are  in  starts  and/or  accumulated  time  to  fleet 
leader  (highest  time)  components.  Accumulated  cycles  are  tracked  and  various  hardware 
limits  are  imposed.  All  problems  identified  by  problem  tracking  systems  are  also  reviewed. 
Action  items  are  assigned  to  the  various  subsystem  experts  for  resolution  of  any  outstand¬ 
ing  questions  or  problems.  Once  everything  has  been  reviewed,  and  a  risk  assessment 
made,  the  manufacturer  and  NASA  project  managers  certify  firing  readiness. 

At  the  test  site,  tests  are  observed  by  NASA  personnel  and  are  conducted  primarily  by 
the  manufacturer.  The  firing  crew  includes  a  test  conductor,  facility  observers/operators, 
periscope  observers,  and  video  observers.  The  firing  te2U!i  is  located  in  the  test  control 
center  which  is  a  small  distance  from  the  test  stand.  Bunker  observers  are  utilized  to 
obtain  different  views  of  the  engine.  The  VDT  is  provided  to  various  computer  displays 
including  the  test  conductor's.  Some  strip  charts,  oscillographs,  analog  gauges,  and 
digital  readouts  are  also  provided,  particularly  to  report  facility  conditions  and  special 
parameters.  The  total  teat  firing  crew  numbers  about  15  to  20.  Call  to  stations,  followed 
by  propellant  drop  into  the  engine  (for  thermal  conditioning) ,  usually  occurs  about  3  hr 
prior  to  teat.  Pretest  data,  to  cover  the  period  during  the  engine  purge  sequences,  are 
taken  at  low  rates.  Once  proper  conditions  are  achieved  and  engine  ready  has  been  reached, 
engine  start  is  initiated.  During  the  firing,  each  member  of  the  crew  monitors  critical 
parameters  as  assigned.  Most  of  the  test  process  is  automated,  but  there  are  conditions 
and  operations  that  roust  be  manually  performed.  Most  firing  crew  members  have  kill 
switches  which  can  initiate  early  shutdown  if  necessary.  Much  of  the  automated  real  time 
monitoring  utilized  during  firings  consists  of  the  built-in  test,  redundancy  management 
and  redlines  built  into  the  controller.  However,  other  redlines  are  implemented  on 
facility  computers  for  additional  engine  parameters  and  for  all  critical  facility  parameters. 

Engine  teat  firings  take  place  at  National  Space  Technology  Laboratories  (NSTL)  in 
Mississippi  on  four  test  stands  and  at  Rocketdyne' s  Santa  Susanna  Field  Laboratories  on 
one  test  stand  (scheduled  to  close  in  early  1986).  An  upgrade  to  a  new  engine  data 
handling  system  is  in  progress.  Already,  the  test  sites  send  most  data  via  satellite. 

A  diagr2un  of  the  new  engine  data  network  is  shown  in  Figure  3.  Low  frequency  data  is 
stored  on  digital  computer  tape.  High  frequency  data  is  recorded  on  analog  tape,  and  the 
roost  critical  measurements  are  digitized  and  stored  on  disk  in  real  time.  Before  leaving 
NSTL,  the  analog  data  is  processed  into  Fewer  Spectral  Density  format.  All  data  are 
archived  at  NSTL  on  tape.  Once  transmitted  to  the  user  sites,  the  data  are  archived  on 
tape  and  placed  on  disk  for  use  on  data  reduction  computers.  Perkin  Elmer  3254s  are 
utilized  for  performing  simple  data  reduction,  plotting,  and  statistical  analysis. 

Masscomp  5000  series  systems  are  utilized  for  real  time  digitizing,  later  PSD  transforma¬ 
tion  at  NSTL,  and  for  analysis  and  correlation  of  the  data  at  Marshall.  A  new  Engineering 
Analysis  and  Data  system  at  Marshall  allows  improved  access  to  the  data  at  many  sites 
throughout  the  center  over  a  fiberoptic  network.  This  network  allows  a  wide  variety  of 
terminals  and  computers  to  be  interconnected  on  programmable  baud  rate  links.  Special 
high  rate  links  are  also  available  for  computer  to  computer  connections  to  transmit  large 
files.  Transmittal  of  data  between  dedicated  engine  data  computers  and  general  purpose 
analysis  computers  is  also  facilitated  by  the  network.  Generally,  full  fidelity  data  is 
available  within  a  few  hours  of  a  firing. 

Other  data  are  also  available  frexn  firings  including  video  and  film  coverage  of  the 
engine  and  plume,  inspections,  functional  test  data,  special  test  data,  and  condition 
reports  for  abnormal  inspection/review  findings.  Video  and  film  coverage  provides  multiple 
views  of  the  vehicle  during  flight.  Figure  4  shows  the  coverage  requirements  for  the  first 
shuttle  flight.  During  ground  test,  full  360  degree  coverage  of  the  engine  powerhead  is 
available.  Other  c^UBeras  view  the  plume  and  nozzle.  Ground  test  imaging  systems  were 
converted  from  film  to  high  speed  video  over  two  years  ago.  Typical  requirements  for 
inspection  after  every  firing  include  external  inspections,  internal  borescope  inspections, 
and  main  chamber  wall/nozzle  inspections.  Dew  point  checks  are  required  after  every  firing. 
Additional  inspections  and  functional  tests  are  required  at  5000  sec  of  engine  operation, 
and  at  turbopump  removal.  5000  sec  requirements  include:  fuel  turbopump  internal  seal 
integrity  checks,  minor-valve  seal  integrity  checks,  helium  system  leak  checks  (actuators 
and  pneumatic  controller) ,  MCC  to  nozzle  joint  integrity  checks,  propellant  valve  shaft 
seal  integrity  checks,  nozzle  hot  wall  leak  checks,  and  operation  of  engine  controller 
software  implemented  automatic  checkout  modules  for  avionics  components.  Additional 
inspections/tests  called  for  upon  HPFTP  removal  include:  FPB  lox  post  concentricity 
checks,  FPB  liner  gap  dimensional  checks,  HGM  transfer  tube  dye  penetrant  inspections, 

FPB  injector  element  support  point  integrity  checks,  main  injector  heat  shield  integrity 
checks,  lox  post  shield  integrity  checks,  and  lox  post  retainer  integrity  checks. 
Inspections/tests  required  upon  High  Pressure  Oxidizer  Turbopump  (HPOTP)  removal  include 
heat  exchanger  visual  checks  and  OPB  lox  post  eddy  current  inspections.  Post  certifica¬ 
tion  inspections  can  include  destructive  evaluation  and  radiographic  inspection  techniques. 
Inspection  points  are  shown  in  Figures  5  and  6. 
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Typical  functional  tests  required  for  every  firing  include:  a  heat  exchanger  leak 
test,  a  nozzle  cold  wall  leak  test,  turbopui^  torque  tests,  turbopunp  axial  shaft  travel 
tests,  preburner  and  suiin  oxidizer  valve  seal  leak  tests.  Main  Fuel  Valve  (MFV)  seal  leak 
tests,  and  fuel  turbopunp  lift-off  seal  leak  tests.  Typically,  inspection  results  and 
functional  test  results  are  recorded  on  paper  and  axisnaries  are  transmitted  by  telefac¬ 
simile.  Video  is  reviewed  at  the  firing  sites  and  shipped  only  for  unusual  occurrences. 

Data  other  than  time  series  data  are  typically  sent  via  express  mail.  High  frequency 
data  is  utilzied  for  Mny  sophisticated  analyses  which  often  require  that  dubbed  tapes  be 
shipped  because  the  PSDs  are  not  always  suitable  for  the  analyses  due  to  lack  of  phase 
information.  Standard  reports,  called  Unsatisfactory  Condition  Reports  (OCRs),  are  written 
for  any  problems  found  by  the  monitoring  process.  These  are  entered  into  a  computer  data 
base.  Once  a  problem  has  been  analyzed,  a  Failure  Analysis  Report  is  generated  and  added 
to  the  OCR.  Both  of  these  reports  typically  are  one  page  in  length.  Conditions  entered 
into  the  system  are  held  open  until  a  Problem  Review  Board  accepts  the  resolution  of  the 
condition.  A  similar  system,  called  Material  Reviews,  tracks  manufacturing  or  rework 
conditions.  In  some  instances,  it  is  permissible  to  operate  with  nonstandard  engine  con¬ 
ditions.  Deviation  Approval  Requests  are  generated  and  tracked  for  such  instances.  If 
conditions  tracked  by  the  systems  above  are  recurrent  and  are  not  acceptable.  Engineering 
Change  Proposals  may  be  generated  to  define  a  design  or  process  change.  A  change  control 
board  headed  by  the  project  manager  determines  the  acceptability  of  the  proposed  changes. 

If  engine/vehicle  interfaces  are  affected,  then  the  review  occurs  at  higher  level. 

When  engine  firing  data  is  received,  it  is  reviewed  by  teams  of  engineers  both  at 
Marshall  and  at  Rocketdyne.  As  inspections  are  ccxnpleted,  the  results  are  provided  to 
the  14ASA  and  Rocketdyne  engineering  teams  for  correlation  to  data.  Methods  utilized  for 
low  frequency  data  evaluation  include  plots  of  various  parameters  with  overlays  of  similar 
conditions  from  previous  tests,  calculation  of  performance  parameters  with  a  performance 
data  reduction  program,  cross  plots,  and  calculations  of  parameters  such  as  pressure  dif¬ 
ferences.  Data  averaging  is  utilized  to  reduce  the  number  of  data  points  for  statistical 
analysis.  The  statistics  are  calculated  to  observe  test-to-test  variations,  component-to- 
component  variations,  and  to  assess  fleet  characteristics.  Some  of  the  calculated  parame¬ 
ters  are  also  utilized  to  generate  individual  performance  map  adjustments  for  pre-firing 
predictions  and  component  performance  matching.  Matching  is  required  when  some  of  the 
major  LRUs  are  replaced.  Vibration  data  are  presented  in  terms  of  maximum  g  levels,  time 
histories,  in  frequency  domain  at  a  selected  time,  and  also  in  cascade  plots  showing 
frequency  and  amplitude  versus  time.  Many  statistical  and  correlation  analyses  may  be 
run  to  determine  the  source  and  character  of  unusual  signals.  Within  all  of  the  data,  a 
search  for  various  characteristics  which  could  be  indicative  of  an  anomaly  or  degradation  is 
undertaken.  These  conditions  are  tracked  by  the  engineers  responsible  for  each  engine 
technical  discipline,  i.e.,  engine  systems,  turbomachinery,  combustion  devices,  avionics, 
and  dynamics.  The  analysis  process  usually  takes  one  day.  After  the  analysis,  a  NASA 
data  review  is  held  by  the  chief  engineer  or  his  representative.  A  similar  review  is  held 
by  the  manufacturer.  This  is  a  meeting  where  the  analysis  team  convenes  to  review  their 
results  and  form  an  assessment  of  the  test.  Generally,  a  NASA  engineering  representative 
at  the  test  site  is  involved  in  the  review  by  telephone.  The  inspection  results  and 
functional  test  results  are  fed  into  the  review.  If  problems  are  found  which  are  not 
resolved  prior  to  the  review,  additional  investigative  work  may  be  ordered  including 
laboratory  investigations,  additional  inspections  (which  may  include  various  exotic 
Non  Destructive  Evaluation  methods) ,  use  of  engine  steady  state  and  transient  prediction 
models  to  test  hypotheses,  a  review  of  all  manufacturing  data,  additional  review  of  video 
and  film  data,  etc.  Many  of  the  inspection  techniques  can  be  performed  at  the  firing 
sites.  Teardown  inspections  however  are  cconducted  in  clean  rooms  at  the  manufacturer's 
plant. 


SURVEY  OF  MONITORED  C(»1DITI0NS  AND  EXPERIENCE 

As  stated  during  the  description  of  the  data  review  process,  the  engine  is  analyzed 
in  terms  of  various  engine  subsystem  disciplines  and  types  of  resulting  data.  The  demar¬ 
cation  between  each  of  these  subsystems  is  necessarily  blurred,  and  in  order  to  analyze 
and  resolve  any  anomalies,  interaction  is  continually  required.  Interaction  is  also 
required  with  personnel  conducting  inspections  and  tests  at  the  test  sites  and  plant. 
Comparisons  between  manufacturer's  review  results  and  NASA  review  results  are  often  made, 
and  interaction  between  the  two  engineering  teams  is  common.  Many  anomalous  signatures 
that  may  be  found  in  the  data  have  been  determined  from  the  careful  analysis  and  resolution 
of  past  anomalies  by  these  teams.  Examples  of  these  conditions  and  the  monitoring  system 
techniques  to  detect  them  will  be  described  in  order. 

Engine  Systems 

The  engine  systems  group  reviews  overall  engine  performance  during  prestart,  start, 
reainstage,  and  shutdown.  A  first  screen  checks  all  critical  engine  parameters  against 
Interface  Control  Document  defined  acceptance  limits.  The  groi  p  also  checks  all  redlined 
parameters  against  redline  values.  All  measurements  are  reviewed  for  obvious  sensor 
failures  such  as  noise,  bias,  total  loss  of  signal,  etc.  Failure  identification  signals 
from  the  controller  are  also  noted.  Avionics  personnel  investigate  and  resolve  the  sensor 
and  other  avionics  anomalies.  When  reviewing  engine  performance,  start  characteristics 
reviewed  first.  Parameters  indicative  of  start  conditions  include  turbomachinery 
speeds,  turbine  discharge  temperatures,  main  pump  discharge  pressures  and  main  chamber 
pressure.  Priming  time  for  each  burner  is  checked  and  tracked.  Turbine  discharge  tem¬ 
perature  oscillations  and  maximums  are  also  checked  and  tracked.  Turbine  damage  and 
•^^^radation  is  kno%m  to  be  related  to  start,  and  so  the  OPOV  sequence  may  be  slightly 
adjusted  when  major  components  such  as  turbopurops  are  changed. 
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Another  set  of  engine  systems  monitoring  activities  include  monitoring  the  per> 
formance  of  ancilliary  systems  such  as  the  FOGO  suppressor,  the  augmented  spark  ignitor 
systems,  the  pneumatic  systems,  tank  repressurization  systems,  chamber  and  nozzle  cooling 
circuit  flows,  hydraulic  systems,  drain  lines,  and  the  various  solenoids  and  switches 
necessary  to  actuate  many  of  the  devices  mentioned.  Component  variations  are  analyzed 
because  after  replacement  of  an  engine  LRU,  the  engine  balance  may  be  altered.  For 
balancing,  there  are  various  system  orifices  which  must  be  selected  for  flow  legs  that 
do  not  contain  active  valves  for  control.  The  selection  is  made  based  on  the  performance 
measurements.  Leaking  valves  are  detected  by  reviewing  downstre£UD  temperatures  prior  to 
start.  If  teig>erature8  are  abnormally  low,  cryogenic  propellant  is  likely  leaking  past 
valve  seals.  In  mainstage,  general  control  response  is  checked  to  assure  that  all  commands 
are  followed  properly  and  all  expected  operating  conditions  are  met.  Because  there  have 
been  past  difficulties  with  instrumentation,  turbomachinery,  and  other  components  which 
affect  controls  and  safety  monitoring,  parameters  relating  to  these  components  are  care¬ 
fully  tracked.  For  example,  fuel  flowmeter  output  is  reviewed  for  low  frequency  oscilla¬ 
tion.  In  the  past,  this  phenomenon  was  found  to  be  either  due  to  bent  blades,  dropped 
bits  in  computation  of  flow  rates,  or  shaft  precession  due  to  mounting  flexibility.  Once 
indicated,  the  cause  of  such  a  problem  is  isolated  in  order  of  the  least  impact  to 
schedule  and  cost.  Turbine  discharge  temperatures  are  another  example. 

Turbine  discharge  temperature  sensors  provide  key  redlines.  They  also  provide  varying 
readings  during  engine  operation  which  can  be  related  to  inlet  conditions,  change  in 
internal  flow  conditions  (the  sensors  are  located  90  degrees  apart  on  the  outer  flow  wall 
of  each  high  pressure  turbine  discharge  turnaround  duct  which  has  extremely  complex  flow 
patterns  that  affect  the  sensor  output),  or  sensor  failure.  The  variations  can  also  be 
related  to  turbopump  anomalies.  Some  of  the  more  common  anomalies  include  fuel  leaks 
from  any  fuel  flow  passage,  loss  of  turbine  performance,  flow  blockage,  and  loss  of  pun^^ 
performance.  Cavitation,  rubbing,  dragging,  cracks,  erosion,  abnormal  clearances,  and 
contamination  are  phenomena  which  may  result  in  loss  of  turbine  or  pump  performance.  The 
signatures  for  these  various  phenomena  are  analyzed  by  experts  to  determine  the  likely 
underlying  cause.  They  are  also  tracked  to  determine  the  efficacy  of  the  turbine  discharge 
temperature  redlines.  Turbine  discharge  temperature  is  a  good  indicator  of  many  engine 
problems  because  of  the  nature  of  the  engine  cycle  and  control  system.  Essentially,  any 
loss  of  power  can  only  be  made  up  through  increased  preburner  combustion  temperatures. 
Unfortunately,  the  discharge  turbine  temperature  is  also  a  very  poor  discriminator,  and, 
therefore,  diagnosis  of  an  indicated  problem  must  take  advantage  of  other  engine  data. 

The  discharge  temperature  redlines  have  shut  down  many  tests  successfully,  preventing 
damage  and  progression  to  catastrophic  failure.  They  have  also  reduced  the  consequences 
of  catastrophic  (termed  major  incident)  failure  in  9  of  24  applicable  cases. 

Turbopump  coolant  liner  pressure,  a  bi'-stable  preburner  pump  operating  condition,  and 
a  preburner  diffuser  crack  are  three  more  conditions  that  require  tracking.  The  coolant 
liner  is  located  between  turbine  discharge  flow  liner  sheetmetal  and  the  turbopump  struc¬ 
tural  wall.  Interactions  between  internal  seal  flows  and  coolant  cavity  discharge  flows 
have  allowed  pressure  fluctuations  that,  in  one  instance,  collapsed  the  liner,  causing 
extensive  engine  damage.  Design  changes  were  made  and  a  redline  was  added  to  prevent 
overpressure  of  the  cavity.  The  design  changes  have  proved  successful  and  the  coolant 
liner  redline  has  not  yet  signaled  an  engine  shutdown.  The  bi-stable  operating  point  of 
the  preburner  pump  impeller  occurs  at  low  engine  power  level.  Not  all  fleet  preburner 
pump  units  exhibit  the  phenomenon  which  is  thought  to  be  due  to  an  aerodynamic  instability. 
When  present,  pressure  oscillations  are  induced  into  the  preburners.  These  can  be  detri¬ 
mental  to  control  stability  and  pogo  stability.  Pumps  are  checked  for  this  condition  by 
a  cross  plot  of  main  pump  to  preburner  pump  discharge  pressures  which  will  exhibit  loops 
if  bi-stability  is  present.  Spikes  in  main  chamber  pressure  at  low  power  level  are  also 
searched  for  as  an  indication  of  the  bi-stable  problem.  After  shutdown,  combustion 
chamber  temperature  measurements  are  checked  for  residual  high  temperatures  which  are 
indicative  of  oxidizer  leaks  causing  continued  combustion.  A  crack  in  the  fuel  preburner 
oxidizer  diffuser  is  one  common  problem  that  has  a  particular  post  test  temperature  sig¬ 
nature.  During  engine  operation,  the  crack  allows  oxygen  to  fill  a  normally  void  cavity. 
After  shutdown,  the  oxidizer  trickles  out  and  fuel  turbine  discharge  temperatures  rise, 
indicating  the  crack.  Abnormal  coolant  liner  pressure  behavior,  bi-stable  pumps,  and 
cracked  fuel  preburner  diffusers  are  not  allowed  for  flight  but  are  acceptable  for  test. 

A  different  aspect  of  the  systems  review  involves  monitoring  for  external  leaks  at 
any  location  in  the  engine  system.  Leaks  are  a  critical  problem  with  machinery  such  as 
the  SSME  because  of  the  high  internal  pressures,  the  small  size  of  the  hydrogen  molecules, 
the  insidiousness  of  liquid  oxygen,  the  volatility  of  both  propellants,  and  the  destruc¬ 
tive  potential  of  engine  combustion  products.  Small  propellant  leaks,  in  addition  to  being 
serious  problems  themselves,  can  also  be  indicators  of  structural  problems.  During  a  1985 
engine  ground  test,  a  small  blowing  hydrogen  leak  developed  at  the  MCC  outlet  duct  neck. 

The  leak  continued  for  approximately  10  sec  until  a  large  section  of  the  duct  failed 
causing  massive  fuel  loss  and  severe  internal  and  external  engine  damage  due  to  the 
resulting  rise  in  mixture  ratio  and  combustion  temperatures.  Su.>sequent  to  that  failure, 
diesel  engine  glow  plugs  were  added  to  an  array  of  engine  powerhead  thermocouples  which 
were  (and  are)  mounted  for  each  engine  ground  test  firing.  This  system  will  ignite  any 
hydrogen  leaks,  causing  external  temperature  to  rise  enough  to  trip  redlines  set  for  each 
of  the  powerhead  thermocouple  measurements.  The  thenDocouple/glo%rplug  system  has  success¬ 
fully  initiated  shutdown  for  three  hydrogen  leaks  this  past  year.  This  thermocouple  data 
is  of  course  reviewed  after  every  test.  The  addition  of  the  high  speed  video  coverage  was 
also  a  result  of  the  same  failure.  Video  observers  with  kill  switches  back  up  the  thermo¬ 
couple  system. 


38-7 


Figure  7  illustrates  engine  leak  detection  methods  used  between  firings.  Helium  is 
utilized  as  the  leak  test  pressurant  because  of  its  inertness  and  its  small  molecule  size. 
Various  major  sections  of  the  engine  are  pressurized  as  shown  in  Figures  6*  9,  and  10. 

Then,  large  volume  flow  meters  are  utilized  to  ascertain  if  any  internal  leakage  exists. 
Ultrasonic  probes  and  mass  spectrometers  are  utilized  to  check  joints  and  welds  for  leaks. 
Soapy  leak  solutions  are  utilized  to  check  for  joint,  nozzle  and  chamber  leaks.  Mass 
spectrometry  is  utilized  to  check  for  oxygen  heat  exchanger  leaks.  An  SSME  designated  for 
the  first  post  51~L  flight  was  recently  disqualified  because  an  extremely  minute  heat 
exchanger  leak  was  detected  by  spectrcwetry .  Engine  system  leak  tests  are  performed  at 
acceptance,  and  at  other  times  if  required  under  special  conditions.  The  system  check 
utilizes  an  impermeable  "big  bag”  enclosure  with  siass  spectrometer  detection.  Flight  leak 
detection  depended  only  upon  all  of  these  seuse  methods  until  the  sixth  Shuttle  flight. 
Flight  six  was  the  first  flight  of  the  orbiter  Challenger  and  so  there  was  a  flight  readi¬ 
ness  firing  before  the  scheduled  launch.  The  engines  passed  all  of  their  leak  checks 
prior  to  the  FRF.  Grab  bottle  sampling  during  the  FRF  indicated  hydrogen  concentrations 
in  the  engine  ccsipartment  higher  than  allowable  levels.  After  the  firing,  the  source  of 
the  leaks  could  not  be  fully  isolated.  A  second  FRF  was  ordered  with  additional  instru¬ 
mentation  to  isolate  the  leak  source (s).  The  inability  to  detect  leaks  prior  to  the 
firing  clearly  identified  a  need  for  a  sensitive  system  level  leak  test.  In  response  to 
the  need,  a  test  called  the  Helium  Signature  Test  [2]  was  developed.  The  test  is  conducted 
with  engine  and  propellant  feed  systems  pressurized  to  276  kPa  (40  psi)  with  helium.  The 
engine  compartment  is  then  sealed  and  purged  with  substantial  nitrogen  gas  flow.  The  com- 
partBient  gas  is  vented  and  sampled  at  one  of  two  available  vent  doors.  Sensitivity  of 
this  method  has  been  found  to  be  98.3  seem  (6  scim)  minimum  detectable  leakage,  and 
accuracy  was  found  to  be  t49.16  seem  (3  scim).  Since  being  instituted,  two  instances  of 
leaks  above  allowable  limits  were  detected  by  the  Helium  Signature  Test  after  not  being 
detected  by  other  methods.  In  each  case,  the  leaks  were  tracked  down  and  corrected. 

Turbomachinery 

Turboroach inery  performance  and  mechanical  design  personnel  review  the  data  derived  by 
the  systems  group  and  add  to  that  effort  a  detailed  review  of  the  operation  of  seals, 
bearings,  internal  cooling  flow  processes,  overall  turbopump  performance,  and  the  relation 
of  these  parameters  to  inspection  results.  Turbomachinery  dynamics  personnel  carefully 
review  and  analyze  dynamic  data  processed  by  the  dynamics  group  for  rotordynamics  anomalies 
such  as  subsynchronous  whirl,  bearing  wear,  or  rubbing.  These  results  are  correlated  to 
the  performance  and  the  inspection  data.  To  determine  seal  performance,  the  barrier  seals 
and  purges  (which  prevent  liquid  oxygen  from  mixing  with  hot  gas  in  the  HPOTP)  are  checked 
for  proper  delta  pressures  and  steady  operation.  The  coolant  liner  pressure  is  tracked 
for  expected  response  to  events  such  as  liftoff  seal  actuation,  engine  inlet  pressure 
changes,  axial  shaft  movement,  power  level  changes,  etc.  Cavitation  is  checked  for  by 
head/flow  characteristics  and  turbine  power  requirements. 

SSME  experience  has  had  a  tremendous  Impact  on  the  science  of  analyzing,  understand¬ 
ing,  and  monitoring  the  dynamics  of  high  speed  flexible  turbomachinery.  During  the  early 
days  of  the  SSME  program,  two  major  HPOTP  failures  led  to  the  instigation  of  a  number  of 
research,  technology  development,  monitoring  improvement,  and  redesign  efforts.  Early 
monitoring  consisted  of  much  of  the  instrumentation  utilized  today  such  as  external 
accelerometers  and  some  internal  strain  gauges,  but  generally,  only  overall  loads  and 
vibration  levels  were  plotted  and  reviewed  in  the  time  domain.  Efforts  to  analyze  and 
model  rotor  dynamics  concentrated  on  determining  loads  on  bearings,  stiffness  and  damping 
characteristics  of  the  rotor  and  case,  stability  margins,  and  parameters  which  affect 
loads  and  stability.  From  the  analyses,  it  was  eventually  determined  that  one  of  the 
early  engine  failures  was  most  likely  caused  by  rotordynamic  instability  in  the  HPOTP. 
Turbomachinery  redesign  efforts  concentrated  upon  increased  damping,  altered  stiffness 
characteristics,  and  better  quality  asseinbly.  One  valuable  result  of  the  redesign  effort 
was  the  invention  of  damping  seals  for  turbomachinery  and  their  incorporation  into  the 
SSME.  As  stability  characteristics  and  their  driving  parameters  became  understood,  and 
as  redesign  efforts  met  success,  attention  became  more  focused  upon  loads  because  as  the 
operational  life  of  the  machinery  steadily  was  increased  in  the  test  program,  bearing 
wear  and  condition  became  critical  life  limiting  issues. 

Both  the  HPFTP  and  the  HPOTP  have  had  bearing  wear  limitations,  but  the  more  critical 
have  been  found  on  the  HPOTP.  Because  the  HPOTP  bearings  are  bathed  and  cooled  in  lox, 
any  degradation  leading  to  high  temperatures,  particle  shedding,  or  induced  vibration 
could  be  instantly  catastrophic  because  of  the  ignition  potential.  Inspections,  including 
visual,  borescope,  and  teardown,  are  key  methods  in  tracking  the  condition  of  the  bearings 
and  other  turbomachinery  components.  Only  one  bearing  set,  the  HPOTP  number  3  bearing  set, 
is  borescope  inspectable.  Conditions  that  are  tracked  by  borescope  or  teardown  inspec¬ 
tions  include:  ball  coloration,  size,  roundness,  microscopic  surface  condition;  cage 
condition;  and  race  wear  patterns.  In  many  cases,  because  of  the  stiffness  and  damping 
characteristics  of  the  machine,  bearing  wear  correlates  with  decreased  housing  vibration 
as  measured  by  external  accelerometers.  HPOTP  units  that  were  a  part  of  the  development 
test  program  have  been  found  with  asymetrical  balls,  blue  and  black  colored  balls,  damaged 
cages,  destroyed  cages,  heavily  worn  races,  and  severely  distressed  balls;  yet  none  of 
these  conditions  have  lead  to  a  major  failure,  since  all  of  these  abnormal  conditions, 
although  so  far  self-limiting,  are  unacceptable  for  flight,  a  significant  ccxnponent  of  the 
engine  development  program  has  been  the  use  of  turbopumps  instrumented  with  internal 
strain  gauges  placed  on  bearing  mounts.  The  data  obtained  from  these  instruments  has 
been  finely  combed  with  many  different  types  of  time  series  analysis  and  correlation 
methods  in  order  to  tie  dynamic  signatures  to  the  onset  of  abnormal  bearing  conditions 
both  in  theoretical  terms  of  what  is  occurring  during  operation  and  in  terms  of  the 
results  obtained  from  inspections. 
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Current  monitoring  techniques  center  on  frequency  domain  analysis  and  in  many  cases 
utilize  time  as  a  third  variable  on  cascade  plots  for  enhanced  event  correlation.  An 
example  plot  is  shown  in  Figure  11.  Analysis  consists  of  searching  for  fundaaiental  fre¬ 
quencies  and  harmonics.  Ai^>litudes  are  also  observed.  In  normal  operation,  vibration 
consists  of  broad  low  anq>litude  noise  with  only  shaft  rotation  synchronous  frequency 
feeding  through.  As  bearings  wear,  case  (or  ball  train)  frequencies  become  evident. 

The  ge<xiietry  of  the  system  constrains  the  balls  to  run  at  a  fixed  fraction  of  rotor 
speed.  In  the  case  of  the  HPOTP,  that  fraction  is  43%.  Because  wear  changes  the  bear¬ 
ing  system  dynamics,  the  fractional  frequency  gradually  shifts  higher  with  increased 
wear,  ^e  array  of  strain  gages  utilized  allows  determination  of  the  maximum  ball  wear 
in  any  orientation.  Amplitudes  of  the  various  harmonics  show  how  uneven  the  wear  is  from 
ball  to  ball.  For  example,  2N  (twice  synchronous)  would  indicate  two  heavily  worn  balls. 
The  balls  tend  to  travel  in  a  groove  on  the  race.  Over  time,  amplitude  increases  with 
wear;  hovrever,  if  for  8<xiie  external  influence  such  as  a  change  in  axial  loading,  the 
balls  begin  to  run  in  a  different  groove,  the  asg>litude  may  substantially  decrease.  In 
all  cases,  the  reduction  is  tei^>orary,  for  once  wear  begins,  it  progresses. 

Unfortunately,  the  internal  strain  gauges  are  not  very  reliable  and,  therefore,  are 
not  built  into  every  machine.  To  improve  turb<MUichinery  monitoring  capability,  a  near- 
term  objective  is  to  relate  the  internal  measurements  with  signals  ta)cen  from  external 
acceleromerers.  As  had  been  hinted  at  before,  external  accelerometers  are  relatively  poor 
indicators  of  bearing  and  rotordynamic  problems  in  the  turbomachinery.  Although  efforts 
are  still  being  made  to  extract  useful  information  from  their  signals,  only  gross  problems 
can  be  reliably  detected  by  them.  However,  a  recent  finding  that  was  chanced  upon  has 
provided  external  means  to  sense  at  least  the  condition  of  the  pump  end  HPOTP  bearing  pair. 
Due  tu  concerns  over  a  housing  weld,  a  strain  gauge  was  mounted  on  the  housing  of  some  of 
the  HPOTP  units  in  the  fleet  to  examine  loads  at  that  location.  In  analyzing  the  weld 
strain  gauge  data,  it  was  found  that  bearing  characteristics  could  be  determined.  Standard 
monitoring  depends  upon  external  accelerometers  (at  least  3  uniaxial  units  per  high  pres¬ 
sure  turbopump).  Ground  data  systems  implement  redlines  on  RMS  filtered  output  from  these 
units.  A  Plight  Accelerometer  Safety  Cutoff  System  (FASCOS)  has  been  developed,  but  has 
yet  to  be  implemented  in  flight.  However,  accelerometers  have  been  successful  in  improving 
safety  during  ground  test.  One  failure  that  most  likely  would  have  proved  catastrophic 
was  prevented  by  a  timely  automatic  shutdown  initiated  by  the  ground  redline  accelerometer 
cutoff  system.  That  case  was  a  HPFTP  first  stage  impeller  crack.  During  engine  failures 
that  have  been  catastrophic,  the  accelerometer  cutoff  systems  were,  at  minimum,  successful 
in  limiting  damage  through  providing  the  initial  cutoff  signal  in  7  of  24  applicable  cases. 

In  the  turbomachinery  monitoring  process,  many  functional  tests  are  undertaken. 

After  every  firing,  all  turbopumps  undergo  shaft  push-pull  tests  to  determine  axial 
looseness  of  the  rotor.  Looseness  can  indicate  some  bearing  wear  and  other  rotor  problems. 
Measurements  of  axial  travel  are  logged  and  acceptable  ranges  have  been  established. 
Turbopump  torque  checks  are  run  to  determine  breakaway  torque  values  and  dry  run-in  values. 
These  provide  indications  of  any  binding  or  other  irregularity  which  would  prevent  free 
rotation.  Acceptable  limits  of  both  of  these  parameters  have  been  established.  In  addi¬ 
tion  to  the  rotor  support  system,  the  hot  gas  flow  path  of  the  turbomachinery  is  a  care¬ 
fully  monitored  subsystem.  Sheet  metal  cracks  are  noted  for  repair  if  t)jey  grow  beyond  a 
designated  size.  Seals  are  monitored  for  signs  of  rubbing  and  proper  dimensional  toler¬ 
ances.  Hydrogen  embrittlement  protection  is  checked  for  any  wear  or  flaws.  Most  careful 
attention  is  given  to  turbine  blades  in  the  high  pressure  turbines.  SSHE  turbomachinery 
has  a  history  of  blade  cracking.  Over  the  development  history  of  the  engine,  many  design 
and  process  improvements  have  been  instituted  to  alleviate  the  incidence  of  turbine  blade 
problems,  but  the  environment  in  which  the  blades  operate  presents  a  very  difficult  set 
of  problems  to  solve.  At  the  current  time,  many  inspections  are  required  and  the  blades 
are  only  certified  for  a  relatively  short  duration  of  5000  sec.  Three  turbine  failures 
have  been  attributed  to  blade  failure.  The  first  two  failures  occurred  early  in  the  test 
program;  the  third  occurred  later  and  was  the  result  of  out-of-spec  blades,  and  experi¬ 
mental  burner  alterations  which  significantly  worsened  nonuniformities  in  circumferential 
temperature  profile.  Current  turbine  blade  monitoring  has  been  very  successful  in  pro¬ 
viding  safe  engine  operation. 

Combust iun  Devices 


Combustion  devices  monitoring  depends  upon  system  analysis  of  engine  performance 
data,  review  of  some  combustion  devices  parameters,  inspection  results  and  upon  dynamics 
analysis.  Systems  analysis  can  provide  evidence  of  leaks,  improper  pressure  drops  across 
injectors  and  some  cracks,  such  as  the  FPB  injector  diffuser  crack.  Unless  anomalies  are 
severe,  system  monitoring  usually  does  not  provide  indication  of  combustion  devices 
anomalies.  A  couple  of  combustion  device  parameters  do,  however,  provide  significant 
information.  Main  chamber  coolant  discharge  temperature  correlates  with  chamber  wall 
condition.  Temperatures  in  excess  of  500  R  usually  indicate  presence  of  hot  wall  degrada¬ 
tion.  Chamber  coolant  liner  pressure  is  also  reviewed  to  irdicate  any  occurrence  of 
overpressure.  Inspections  provide  the  best  indication  of  combustion  device  distress  and 
degradation.  Visual  inspections  of  the  nozzle,  chamber,  and  main  injector  face  are  made 
after  every  firing.  Nozzle  tube  cracks  are  a  common  occurrence.  The  combination  of  a 
certain  number  and  severity  are  acceptable  for  ground  firings.  Nozzle  tubes  are  easily 
repaired  with  brazing  equipment.  Blanching  of  the  main  chamber  copper  alloy  liner  is 
another  conason  minor  problem.  If  left,  blanching  (a  local  surface  roughness)  causes  flow 
disturbances  which  increase  local  heat  transfer  to  the  liner  and  eventually  result  in 
liner  cracks.  It  is  not  known  what  causes  blanching,  but  simple  polishing  of  the  blanched 
surface  prevents  deterioration.  If  necessary,  film  cooling  can  also  be  increased. 

Injector  elements,  the  injector  faceplates,  and  baffles  a,.e  observed  for  erosion  and/or 
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discoloration  which  is  indicative  of  thermal  distress.  Similarly,  preburners  are  bore- 
scope  inspected  for  the  same  conditions,  tfhen  turbc^umps  are  removed  and  access  is  thus 
improved,  additional  similar  inspections  are  un<terta]cen  for  the  preburners  in  locations 
that  the  borescc^e  cannot  view. 

Among  the  problems  that  preburner  infections  indicate  are  cracks  in  sheet  metal, 
lox  posts,  the  FPB  lox  diffuser,  vrelds,  and  joints.  Inspections  also  indicate  concen¬ 
tricity,  erosion,  and  contamination.  Accelerometer  data  from  devices  shunted  on  or  near 
the  burners  provides  indications  of  detonation  or  low  frequency  coadMistion  instability 
(pops  or  chugs).  These  measurements  are  traced  on  oscillograms  and  screened.  Any  sus¬ 
pected  pops  or  chugs  are  picked  out  and  the  data  is  frequency  analysed.  An^mlous  vibra¬ 
tion  indicating  structural  degradation  or  abnormal  structural/flow  interactions  are 
searched  for  within  the  vibration  data.  A  phenc^enon  that  occurs  only  on  some  main 
injector  units  has  been  closely  tracked  recently.  It  is  theorized  that  a  slight  devia¬ 
tion  on  a  lox  inlet  flow  straightener  vane  might  be  producing  a  4000  Ez  resonance  found 
on  the  abnormal  units.  Although  bothersome,  the  resonance  has  not  caused  any  serious 
problems  to  date.  Design  changes  to  eliminate  it  are  being  considered. 

From  these  exaifles,  it  is  obvious  that  the  monitoring  undertaken  for  an  engine  as 
complex,  expensive,  and  mission  critical  as  the  SSME  is  an  intensive,  broad  based,  and 
detailed  effort.  SSME  monitoring  requires  many  resources  in  terms  of  manpower  and  equip¬ 
ment.  Although  many  monitoring  paraiseters  are  available,  much  of  the  process  depends 
upon  manual  operations  such  as  inspection  techniques.  The  available  onboard  monitoring 
parameters,  although  valuable,  do  not  provide  information  to  indicate  and/or  discern  many 
anomalies  that  have  been  present.  The  continuing  developmental  and  experimental  nature 
of  the  SSME  requires  that  extensive  human  intervention  and  expertise  be  employed  as  a 
critical  and  fundamental  component  of  the  monitoring  process.  Because  of  the  intensive 
and  varied  nature  of  SSME  monitoring,  and  the  experimental  nature  of  the  engine,  the  per¬ 
formance  of  the  monitoring  system  is  difficult  to  compile  and  judge.  A  false  alarm  rate 
or  other  such  measure  cannot  be  determined  except  for  some  small  subsets  of  the  process. 

The  next  section  will  attempt  to  provide  some  feel  for  the  efficacy  of  SSME  monitoring, 
and  the  maturation  process  that  SSME  monitoring  has  undergone. 

SSME  MONITORING  EXPERIENCE  SUMMARY 

The  optimum  monitoring  system  will  detect  all  failures  that  provide  any  kind  of 
incipient  indication  prior  to  operation  of  the  system  being  monitored.  It  will  also  pre¬ 
dict  the  life  remaining  until,  as  the  system  condition  and  reliability  degrades  through 
wear,  the  minimum  system  condition  and  reliability  requirement  has  been  crossed.  The 
optimal  monitoring  system  will  then  call  for  maintenance  to  return  the  system  to  an 
acceptable  condition.  When  a  failure  begins  to  occur  during  operation  of  the  monitored 
system,  an  optimum  monitoring  system  will  recognize  all  possible  signatures  and  promptly 
react  to  prevent  catastrophe.  When  a  number  of  similar  failures  occurs  over  a  series  of 
operations  and  a  trend  is  established,  the  optimum  monitoring  system  will  recognize  the 
trend  and  call  for  a  design  or  process  change  as  warranted.  Of  course,  what  is  optimal 
in  monitoring  depends  predominantly  on  what  the  monitored  system  is  and  how  it  will  be 
operated  and  maintained.  The  SSME  monitoring  system,  as  described  previously,  is  very 
extensive  as  befits  a  complex,  expensive,  high  performance  experimental  propulsion  system. 
Much  of  the  significant  and  interesting  flight  monitoring  experienced  was  related  in  the 
section  on  monitored  conditions.  In  addition  to  that,  one  instance  of  a  relatively  minor 
failure  in  an  augmented  spark  ignitor  was  detected  during  post  flight  inspection. 

Although  interesting,  the  limited  flight  data  cannot  provide  a  good  indication  of  SSME 
monitoring  performance  and  experience.  However,  the  extensiveness  of  ground  monitoring 
experience  does  provide  data  sufficient  to  describe  overall  trends  and  to  follow  individual 
engines  through  their  life  cycle. 

For  ground  test  operations,  statistics  concerning  premature  or  early  shutdowns  can 
be  provided  to  illustrate  how  real-time  SSME  failure  detection  methods  have  performed 
These  data  are  derived  from  a  data  base  which  summarizes  the  SSME  test  history.  The 
base  provides  the  test  number,  test  duration,  engine  number,  test  date,  turbopump  unit 
numbers,  shutdown  method,  and  brief  coosnents.  Before  presenting  the  data,  factors  con¬ 
cerning  the  validity  of  the  results  should  be  stated.  The  foremost  factor  is  that  the 
data  base  was  not  intended  for  use  in  determining  monitoring  performance.  Since  no 
ground  rules  are  available  for  data  entry  into  the  base,  and  since  the  determination  of 
whether  a  premature  shutdown  may  be  classed  as  erroneous  is  a  partially  subjective  matter, 
the  data  accuracy  is  not  easily  confirmed,  where  possible,  the  data  was  checked  against 
other  sources.  In  the  data  base,  the  shutdown  method  was  entered  with  three  simple  possi¬ 
bilities.  Either  the  test  ran  to  programmed  duration,  was  prematurely  shutdown  for  cause 
by  some  means,  or  was  prematurely  shutdown  erroneously  by  some  means.  In  compiling 
statistics  from  the  data  base,  if  there  was  a  question  of  whether  a  premature  shutdo%m 
was  erroneous,  then  for  this  paper,  the  shutdown  was  classed  as  erroneous.  Thus,  the  data 
presented  is  conservative  on  how  well  the  SSME  safety  monitoring  systems  operated.  The 
comment  section  of  the  data  base  sometimes  indicates  the  cause  of  a  premature  shutdown, 
and  when  erroneous,  the  method  that  produced  the  error.  Because  the  notation  which  forms 
the  data  base  coiunents  is  to  a  degree  cryptic,  there  were  a  number  of  cases  where  the 
cause  of  premature  shutdown  could  not  be  ascertained.  The  collective  effect  of  these 
factors  could  cause  the  specific  numbers  quoted  herein  to  be  in  error  as  much  as  10%, 
but  the  data  still  provides  interesting  trends  and  a  good  indication  of  monitoring  system 
performance.  The  statistics  cover  single  engine  testing  only. 
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The  table  provides  shutdown  statistics  for  single  engine  SSM£  testing.  It  lists,  for 
each  year,  the  number  of  tests,  the  number  of  premature  shutdowns,  the  percentage  of  tests 
that  were  premature  shutdowns,  the  number  of  erroneous  premature  shutdowns,  the  percentage 
of  all  premature  shutdowns  which  were  erroneous,  the  number  of  major  incident  failures, 
the  percent  of  all  tests  which  were  incidents,  and  the  percentage  of  all  necessary  and 
proper  premature  shutdoms  which  ended  in  major  incident  failure.  In  the  early  years  of 
testing  (1975-1979),  up  to  50%  of  all  engine  tests  were  prematurely  shutdown.  In  each  of 
those  years,  38%  to  77%  of  the  premature  shutdowns  were  erroneous.  During  this  period, 
the  SSME  was  taken  from  initial  start  tests  through  rated  power  level  testing.  Numerous 
development  problems  were  being  tackled  and  solved.  Liberal  application  of  redline  pro¬ 
tection,  conservative  test  procedures,  sensor  unreliability,  and  the  engine  development 
problems  led  to  the  high  rate  of  premature  shutdoi^ns.  Five  particular  types  of  sensors 
and  their  redline  logic  were  responsible  for  the  bulk  of  the  erroneous  shutdowns.  The 
HPOTP  speed  sensor  was  responsible  for  12  erroneous  premature  shutdowns  and  niimerous 
sensor  failures.  As  a  result,  this  unit  was  eliminated  from  the  HPOTP  design  in  1979. 
AccelercHoeters  and  their  redline  systems  were  responsible  for  21  erroneous  premature 
shutdowns  through  1979.  Design  and  manufacturing  improvements  since  then  have  eliminated 
erroneous  premature  shutdowns  due  to  accelerometers,  and  have  greatly  reduced  accelerometer 
anomalies.  Turbine  discharge  temperature  sensors  (platinum  resistance  wire  thermometers) 
and  their  logic  were  responsible  for  27  erroneous  shutdowns  up  through  1979.  A  number  of 
design  and  manufacturing  improvements  have  gradually  eliminated  the  temperature  sensors  as 
causes  of  erroneous  shutdowns,  and  have  reduced  anomalies  in  the  sensors.  The  latest 
generation  of  these  sensors  has  not  failed  during  engine  testing.  Facility  systems  have 
led  to  13  erroneous  shutdo%ms.  These  instances  may  or  may  not  be  monitoring  system 
related.  As  a  part  of  the  facility  systems,  human  observers  provided  6  correct  shutdowns 
versus  4  erroneous  shutdowns.  In  1978  and  earlier,  HPOP  seal  pressure  parcuneters  led  to 
15  erroneous  shutdoi^ns.  Improvements  in  the  redline  logic  and  reduction  in  the  number  of 
seal  parameters  utilised  for  the  protection  system  eliminated  further  erroneous  cutoffs. 

Table.  Shutdown  Statistics  for  Single  Engine  SSME  Testing 


Year 

Tests 

Prem. 

Shutdowns 

Pet. 

Prem. 

Shutdowns 

Err. 

Prem. 

Shutdowns 

Pet. 

Err. 

Shutdowns 

Incidents* 

Pet. 

Incidents 

Pet . 

Incidents 
Per  Good 
Shutdown 

1975 

27 

7 

26 

3 

43 

0 

0 

0 

1976 

108 

55 

51 

21 

38 

0 

0 

0 

1977 

115 

57 

SO 

34 

60 

4 

3.5 

17 

1978 

144 

63 

44 

37 

59 

6 

4.2 

23 

1979 

136 

26 

21 

20 

77 

1 

0.8 

16 

1980 

80 

9 

7 

5 

56 

2 

1.6 

50 

1981 

132 

13 

10 

4 

31 

5 

3.9 

55 

1982 

128 

16 

13 

0 

0 

3 

3.1 

25 

1983 

96 

10 

10 

0 

0 

0 

0 

0 

1984 

29 

12 

41 

0 

0 

1 

3.4 

6.3 

1985 

33 

10 

30 

2 

20 

1 

3.0 

12.5 

1986 

34 

4 

12 

0 

0 

0 

0 

0 

1987 

114 

6 

5 

1 

17 

1 

0.9 

20 

All 

Test  Totals 

1176  288 

24 

127 

44 

24 

2 

15 

1980 

-87  Test 
646 

Totals 

80 

12 

12 

18 

13 

2 

19 

•Does  not  include  incidents  that  occurred  after  shutdown  or  during  multiple  engine  testing. 


Throughout  the  single  engine  test  history,  accelerometers  have  provided  a  total  of 
52  proper  early  shutdowns,  turbine  discharge  temperatures  have  provided  42  proper  early 
shutdowns,  HPOTP  seal  parameters  have  provided  12  proper  early  shutdowns,  facility  moni¬ 
tors  have  provided  11  proper  early  shutdowns,  and  all  other  parameters  have  provided  6 
or  fewer  proper  early  shutdowns.  Altogether,  there  have  been  288  premature  engine  shut¬ 
downs  during  SSME  single  engine  testing,  with  161  of  those  considered  to  be  necessary  and 
proper.  The  premature  shutdowns  occurred  in  a  total  test  population  of  1176  tests  (up 
until  12/18/87).  These  figures  show  that  24%  of  all  tests  were  shut  down  early,  and  44% 
of  all  cutoffs  were  erroneous.  After  the  SSME  passed  through  initial  development  and  was 
qualified  for  flight  operations,  the  premature  shutdown  statistics  changed  significantly. 
In  the  period  1980  to  1987,  there  were  646  single  engine  ground  tests  run,  of  which  80 
were  terminated  early.  68  of  the  early  shutdowns  were  considered  necessary  and  proper; 

12  were  not.  These  figures  show  that  the  percentage  of  tests  shutdown  early  was  12%  from 
1980  to  1987  versus  24%  for  the  whole  population,  and  the  percentage  of  erroneous  shut¬ 
downs  was  18%  during  the  1980-87  period  versus  44%  for  the  ''hole  population.  During  SSME 
ground  test  operations,  there  have  been  a  total  of  28  failures  classed  as  major.  Of  these 
24  occurred  during  single  engine  testing  prior  to  scheduled  engine  shutdown.  That  number 
represents  approximately  2%  of  all  tests.  Thirteen  of  the  major  failures  occurred  in  the 
1980-87  period.  The  percentage  of  tests  ending  in  major  failure  remained  at  2%  for  the 
1980-87  period.  However,  for  the  total  test  population,  15%  of  proper  shutdowns  ended  in 
major  failure,  while  for  the  1980-87  period,  19%  of  proper  shutdowns  ended  in  major 
failure.  If  all  premature  shutdo%m8  are  considred,  then  8.3%  of  all  early  shutdowns 
ended  in  major  failure  while  for  the  1980-87  period,  16%  of  all  early  shutdowns  ended  in 
major  failure.  Although  this  may  show  that  the  reduction  in  erroneous  shutdowns  came  at 
the  price  of  less  protection,  insufficient  investigation  has  been  undertaken  to  sustain 
that  conclusion. 
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To  judge  bow  well  the  overall  SSME  sonitoring  system  (including  the  nonTeal^tiaie 
coa^nents)  has  operatedi  it  is  necessary  to  review  major  failure  history  in  more  detail. 

Of  the  28  major  failures*  7  tests  have  records  which  do  not  provide  enough  information  to 
determine  whether  insufficient  monitoring  could  be  related  to  the  failure.  From  the 
remaining  21  failure  tests*  the  following  10  were  monitoring  deficiency  related.  The 
particulars  of  three  cases  follow.  During  test  901-249*  a  turbine  blade  failure  resulted 
from  steady  degradation  throughout  the  test.  Turbine  discharge  tes^erature  redlines  were 
not  active  for  this  test*  but  if  active*  may  have  prevented  the  failure.  During  test 
901-364*  an  experlsiental  modification  to  the  HPPTP  turbine  end  cap  resulted  in  abnormally 
high  temperatures  in  the  rotor  support  system  which  led  to  the  failure.  Vibration  red- 
lines  were  not  active  for  the  HPFTP  during  this  test.  Had  they  been  active*  they  may 
have  shut  down  the  test  prior  to  the  severe  damage.  During  test  902-120*  an  experimental 
speed  probe  structural  deficiency  led  to  an  HPOTP  internal  fire.  The  probe  had  not  worked 
properly  prior  to  this  test*  but  the  monitoring  system  did  not  recognize  that  the  probe 
structure  was  falling  rather  than  the  electronics.  During  MPTA  test  SFIO-Cl*  the  HPFTP 
liner  was  eroded  through  by  localized  high  mixture  ratios  due  to  a  distorted  faceplate 
and  a  canted  lox  post  tip.  Preburner  inspection  requirements  were  increased  as  a  result 
of  this  failure.  During  test  750-160*  cooling  fluid  remaining  from  a  machining  operation 
collected  in  a  duct  and  froze  when  exposed  to  propellant  during  start.  The  frozen  coolant 
blocked  part  of  the  internal  fuel  flow*  resulting  in  high  internal  mixture  ratios  and 
temperatures  which  produced  the  damage.  Dew  point  monitoring  before  the  test  did  not 
detect  the  fluid  due  to  a  procedural  oversight.  During  teat  750-168*  cumulative  damage 
to  the  OPOV  downstream  seal  caused  by  anomalous  augmented  spark  ignitor  operation  resulted 
in  high  HPOT  temperatures  causing  damage  after  shutdown.  Similar  damage  was  noted  during 
teardown  inspections  on  other  OPOV  units*  but  the  damage  was  not  recognized  as  a  poten¬ 
tially  serious  trend.  During  test  SF6-03*  a  nozzle  feedline  failed  at  shutdown  because 
improper  materials  were  utilized  during  fabrication  but  not  detected  prior  to  test. 

During  test  901-222*  the  oxygen  heat  exchanger  failed  due  to  damage  incurred  during  repair 
work.  The  damage  was  not  detected  prior  to  the  firing.  During  test  902-132*  an  impro¬ 
perly  indexed  MOV  caused  the  engine  to  be  improperly  controlled  during  start.  Substantial 
damage  occurred  because  the  assembly  error  was  not  detected  until  after  the  failure. 

Finally*  during  test  901-284*  the  engine  was  miscontrolled  when  a  chamber  pressure  sensor 
purge  port  jet  was  dislodged  during  start.  The  engine  ran  in  a  severely  abnormal  manner 
for  6  sec  until  destruction  ensued.  The  abnormal  operating  state  was  not  detected  by 
monitoring  until  major  damage  occurred. 

Inspection  results  provide  another  picture  of  SSME  monitoring  experience.  Engine  2010 
was  utilized  in  a  series  of  certification  tests  (31  with  teardown  inspection  following  the 
conclusion  of  the  certification  cycles.  Three  cycles  of  approximately  5000  sec  each  were 
run  for  a  total  of  38  tests  and  15436.5  sec  of  operation.  This  certification  series  was 
part  of  a  test  program  with  the  objective  of  extending  flight  certification  to  IS  missions. 
During  this  series*  normal  monitoring  was  conducted  much  as  described  in  earlier  sections 
except  that  some  of  the  requirements  now  in  effect  were  derived  from  the  certification 
series.  Mlth  the  exception  of  turboraachinery  (which  does  not  have  the  life  capability)* 
the  number  of  UCRs  generated  during  each  cycle  were  33*  41*  and  91  for  the  first,  second 
and  third  cycles*  respectively.  All  of  the  UCRs  were  closed  and  the  conditions  resolved. 

An  outline  of  the  more  significant  UCRs  follows.  During  the  test  series*  two  instances  of 
leakage  and  one  instance  of  overstress  were  found  which  required  extraordinary  maintenance. 
Of  these*  one  of  the  causes  was  contamination*  a  second  was  wear*  and  the  third  was  due  to 
inadequate  design  margins.  These  problems  eventually  led  to  one  Instance  of  redesign,  one 
of  rework*  and  one  of  a  standard  fix.  Disassembly  inspection  led  to  UCRs  for  one  instance 
of  leakage*  one  of  damage*  three  of  contamination*  two  of  looseness*  one  of  corrosion,  and 
one  of  cracks.  Vibration  was  indicated  as  the  cause  of  one  of  the  conditions,  mis-assembly 
was  indicated  in  two  of  the  cases*  and  causes  were  not  specifically  determined  for  six 
cases.  Redesign  ensued  as  a  result  of  the  inspections  in  one  case*  rework  was  initiated 
in  five  cases*  and  no  action  was  taken  for  the  other  three  cases.  Hardware  inspections  led 
to  UCRs  for  six  cases  of  leakage*  one  of  wear,  one  of  damage,  one  out-of-tolerance  dimen¬ 
sion*  one  functional  failure,  one  instance  of  corrosion*  and  five  of  cracks.  The  causes 
included  two  cases  of  vibration*  three  cases  of  contamination,  three  cases  of  wear*  two 
cases  of  thermal  overload*  three  fabrication  errors*  and  three  of  Indeterminant  causes. 

These  inspections  led  to  five  cases  of  redesign,  one  additional  monitoring  requirement, 
seven  cases  of  no  action*  and  three  cases  where  actions  taken  were  not  delineated. 

This  experience  overview  and  sampling  illustrates  the  complexity  of  the  SSME  and  the 
results  of  the  intense  monitoring  required,  since  the  SSME  was  the  first  oxygen/hydrogen 
staged  c^nbustion  engine  ever  developed  and  has  the  highest  chamber  pressure  and  required 
operating  conditions*  much  of  the  development  effort  eventually  required  could  not  be 
anticipated.  The  relatively  lean  resources  available  for  engine  development  constrained 
the  design  and  development  process.  Materials  properties  were  not  completely  defined* 
component  testing  allowed  was  less  than  planned*  and  early  internal  design  environment 
definition  was  not  verified  to  the  extent  possible  by  test.  Missed  predictions  on  orbiter 
weight  and  payload  requirements  further  forced  the  engine  de8...gn  to  push  to  the  limits  of 
unsubstantiated  margins  in  the  quest  for  increased  thrust  to  weight  ratios.  Under  such  con¬ 
ditions*  the  eventual  experienced  hardware  life  capability  did  not  meet  design  predic¬ 
tions.  The  monitoring  system  was  thus  geared  to  keeping  careful  track  of  the  high  per¬ 
formance*  high  maintenance  hardware.  In  future  engines*  it  is  likely  that  although  per¬ 
formance  will  be  pushed*  as  it  must  be  to  achieve  a  positive  payload*  margins  will  be 
much  more  thoroughly  defined  through  more  knowledge  of  materials  properties,  better  design 
tools*  and  improved  internal  environment  definition.  Such  definition  should  lead  to 
designs  resulting  in  fewer  maintenance*  reliability*  durability,  and  functional  problems. 

In  addition*  more  advanced  materials  and  processes  should  alleviate  many  fabrication* 
quality*  and  rework  difficulties  that  are  present  with  the  SSME. 
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SoM  of  these  inproveaents  are  expected  to  be  applied  to  the  SSME  in  component  up¬ 
grades.  Alternate  high  pressure  turbopim»ps  are  being  designed  and  developed  by  Pratt  and 
Whitney.  These  new  designs  reduce  the  number  of  welds  required  in  turbopump  fabrication 
by  orders  of  magnitude.  They  also  eliminate  many  sheet  sietal  components  such  as  the  HPPTP 
coolant  liner.  Further  isiprovesMnts  are  expected  to  accrue  from  improved  bearing  designs 
and  the  rotordynaaics  lessons  learned  with  the  original  SSME  turbcxnachinery .  Advanced 
expendable  and  reuseable  engines  are  currently  under  study  to  apply  to  a  next  generation 
U.S.  launch  vehicle.  These  engines  will  allow  clean  sheet  capitalization  upon  SSME 
experience.  Monitoring  has  received  increased  attention  as  a  key  discipline  for  the 
develofssent  of  future  engines  and  in  the  iaq>rovement  of  the  SSME.  The  next  section  will 
discuss  the  goals  of  current  oionitoring  technology  development  and  will  outline  tech¬ 
nology  development  activities  under  way  and  planned. 

TECHNOLOGY  DEVELOPMENT  GOALS  AND  STATUS 

Even  though  new  engine  and  major  component  designs  should  reduce  monitoring  require¬ 
ments,  much  of  the  monitoring  task  will  remain.  Major  objectives  for  improving  monitoring 
are  as  follows.  First,  an  increase  in  the  ability  to  sense  direct  component  condition  is 
required  to  reduce  inspections  and  increase  safety.  For  example,  instead  of  inferring 
bearing  condition  from  external  accelerometers,  a  new  technique  should  provide  direct 
measurement  of  bearing  deflection  or  vibration.  Second,  better  reliability  and  perform¬ 
ance  is  required  of  current  and  future  sensors.  Erroneous  inflight  shutdown  is  not 
tolerable,  and  the  thermal  drift  and  other  inaccuracies  of  scmie  current  engine  sensors 
limit  their  usefulness.  Third,  new  parameters  should  be  exploited  to  provide  a  more 
complete  picture  of  condition.  For  exaa^le,  plume  contaminants  are  not  currently  moni¬ 
tored,  although  past  failures  had  indications  which  were  visible  in  the  plume  prior  to 
failure.  Fourth,  analysis  techniques,  inspection  techniques,  functional  tests  and  data 
management  should  be  more  automated  and  more  efficient.  One  stated  objective  is  to  be 
able  to  analyze  every  test  in  the  detail  that  incident  tests  are  analyzed.  Increased 
efficiency  would  support  that  goal  [4|.  Fifth,  inspectabiiity  should  be  designed  into 
critical  ccanponents  such  as  bearings  to  eliminate  scheduled  maintenance  and  reduce  tear- 
downs.  Sixth,  trending  and  tracking  systems  must  be  made  more  perceptive  in  order  to 
minimize  the  chance  that  repeating  problems  will  lead  to  catastrophic  failure. 

Future  U.S.  vehicle  goals  include  an  order  of  magnitude  reduction  in  operations  cost, 
reduced  flight  preparation  time,  increased  availability,  and  less  down  time  if  recovery 
from  failure  is  required.  The  extensive  inspections,  functional  tests,  and  manual  moni¬ 
toring  operations  required  by  the  SSME  show  that  monitoring  along  with  basically  improved 
design,  materials  and  processes  are  key  development  requirements  necessary  to  meet  the 
future  vehicle  goals.  Technology  efforts  in  sensors  have  been  underway  with  NASA  sponsor¬ 
ship  since  1981.  Other  monitoring  system  components  have  been  under  development  for  a 
more  brief  period.  Programs  that  support  the  effort  to  improve  monitoring  include  the 
Civil  Space  Technology  Initiative  propulsion  program.  It  includes  base  technology 
resources  to  support  applied  research,  and  component/engine  system  test  resources  to 
provide  large  scale/full  scale  validation  of  new  techniques.  A  refurbished  test  stand, 
last  utilized  in  the  Apollo/Saturn  program,  will  provide  full  scale  experimental  engine 
testing  with  modified  SSME  hardware.  An  expansion  of  technology  development  resources 
should  allow  new  monitoring  techniques  and  components  which  will  meet  the  goals  outlined 
above.  A  new  technology  program  focused  on  the  Advanced  Launch  System  concept  will  pro¬ 
vide  some  of  that  expansion.  Up  until  the  present  time,  much  of  the  monitoring  technology 
development  has  been  directed  at  re-useable  engines,  however,  the  ALS  concept  has  renewed 
interest  'in  expendable  engine  monitoring.  Expendable  engines  are  not  required  to  fire 
as  many  times  as  re-useable  engines,  but  they  must  fire  at  least  three  or  four  times  for 
green  run,  calibration,  acceptance,  and  flight.  This  can  require  much  of  the  same  moni¬ 
toring  process  as  the  SSME.  Many  of  the  fatigue  and  other  long  term  re-useable  engine 
operation  problems  should  be  eliminated  in  expendables  to  ease  some  of  the  monitoring 
burden. 

Current  plans  and  data  point  toward  engine  out  capability  being  required  for  future 
vehicles.  In  order  for  engine  out  capability  to  provide  benefit,  monitoring  must  success¬ 
fully  detect  engine  failure  and  direct  shutdown  safely,  i.e.,  without  leading  to  catas- 
trophy  and  without  involving  other  engines  or  vehicle  components.  To  meet  this  require¬ 
ment,  it  follows  that  on  board  monitoring  must  be  very  capable  and  reliable  In  order  to 
minimize  the  probability  of  catastrophic  failure  and  of  erroneous  shutdown.  Thus,  in-flight 
monitoring  will  be  as  critical  to  mission  success  for  advanced  systems  as  for  the  SSME. 

The  goal  of  increased  vehicle  availability  also  requires  a  capable  monitoring  system. 

Faults  must  be  detected  before  engines  reach  the  flight  line.  Detrimental  trends  must  be 
corrected  more  rapidly.  In  the  event  of  a  major  failure,  key  information  necessary  to 
determine  the  cause  must  be  available  in  order  to  minimize  investigation  time.  The  1985 
Titan  liquid  engine  failure  provides  a  case  in  point.  The  vehicle  mission  was  not  accom¬ 
plished  due  to  an  engine  failure  which  could  not  be  isolated  from  flight  data.  Corrective 
action  was  less  certain,  took  more  time,  and  involved  more  effort  because  a  single  failure 
point  could  not  be  determined.  Monitoring  improvements  necessary  to  effect  the  flight 
goals  also  benefit  the  engine  development  program  through  reduced  hardware  attrition,  and 
better  evidence  of  the  cause  when  failure  occurs.  For  re-useable  engines,  another  benefit 
also  accrues:  a  good  monitoring  system  will  reduce  the  possibility  that  failure  in  an 
engine  with  many  components  near  fleet  leader  life  will  lead  to  incidental  loss  of  those 
high  time  components.  The  fleet  leader  and  high  time  components  are  very  valuable  because 
of  the  testing  invested  in  them. 
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The  results  of  the  SSME  experience^  the  available  technology  program  resources/  and 
the  motivation  of  advanced  vehicle  requirements  have  led  to  extensive  monitoring  tech¬ 
nology  develo^sent.  The  status  of  the  development  will  be  related  here.  From  1981 
through  1983,  Rocketdyne  performed  a  study  sponsored  by  NASA's  Lewis  Research  Center  on 
rocket  engine  condition  monitoring  (51  that  set  the  early  development  course,  particularly 
in  sensor  development.  In  that  study,  the  history  of  many  past  rocket  engine  programs 
were  reviewed  for  failure  modes.  Sixteen  most  frequent  failure  modes  were  identified. 

These  include:  bolt  torque  relaxation,  coolant  passage  leakage,  joint  leakage  (hot  gas, 
pneumatic,  hydraulic,  and  propellant),  hot  gas  path  cracks,  high  torque  (binding),  cracked 
turbine  blades,  bellows  and  convolutions  cracks,  loose  electrical  connectors,  bearing 
damage,  tube  fracture,  turbopump  seal  leakage,  lubrication  pressure  anomalies,  valve 
failure  to  actuate,  internal  valve  leakage,  regulator  problems,  and  hydraulics  contamina¬ 
tion.  After  failure  mode  identification,  sensing  concepts  were  identified  for  potential 
to  give  direct  indication  of  the  failure  modes,  and  to  reduce  inspection  requirements. 

As  a  follow-on  to  that  study,  further  work  focused  on  developing  improved  monitoring 
for  turbomachinery  problems.  Three  sensor  concepts  were  developed  for  the  job.  An  optical 
pyrometer  was  selected  for  sensing  turbine  blade  temperatures.  From  air  breathing  turbine 
experience,  it  was  known  that  pyrometers  provide  very  high  uaeeUole  response.  For  exan^le, 
in  addition  to  direct  blade  temperature  measurement,  gross  turbine  blade  cracks  could  be 
detected  by  such  devices  through  temperature  differences  stemming  from  the  change  in  heat 
transfer  in  a  cracked  blade.  Pyrometer  development  challenges  include  lower  turbine  tem¬ 
peratures  than  found  in  cooled  blade  air  breathing  engines.  The  lower  temperatures  reduce 
the  radiance  that  can  be  detected.  Materials  compatiblity  and  mechanical  design  also 
create  problems  due  to  the  high  pressures,  propellant  compatibility,  and  high  loads.  Pro¬ 
gress  to  date  includes  rig  tests  to  simulate  engine  environments,  and  design  for  inclusion 
in  a  test  bed  turbopump.  A  second  sensing  concept  was  selected  for  bearing  monitoring. 

This  concept  utilizes  an  optical  def lectometer  to  track  ):>earing  race  deflection.  Test 
bearing  samples  with  various  wear  characteristics  have  been  run  in  bearing  rigs  instru¬ 
mented  with  the  def lectometer .  Results  have  been  promising.  Some  liquid  nitrogen  testing 
has  been  accomplished  but  no  liquid  oxygen  or  hydrogen  testing  has  been  run  to  date.  This 
system  is  also  being  designed  for  inclusion  into  a  test  bed  turbopump.  A  third  system 
tagged  for  development  by  the  study  was  radioactive  isotope  wear  detection.  Bearing  races 
were  irradiated,  and  wear  correlated  with  changes  in  radioactivity.  Selection  of  a  safe, 
but  long-lived  isotope  is  a  critical  problem  with  this  concept.  So  far,  isotope  wear 
detection  has  not  been  tested  in  rocket  engine  turbomachinery. 

At  the  same  time  that  the  condition  monitoring  study  was  in  progress,  direct  SSM£ 
experience  led  to  development  of  improved  pressure  sensors,  flow  meters,  and  lox  turl:>o- 
pump  speed  sensors.  Numerous  SSME  sensor  development  problems  were  experienced  with  the 
MCC  pressure  sensors  (used  for  control),  including  thermal  drift.  Isolation  mounts  were 
utilized  to  solve  the  problem  at  the  expense  of  reduced  response.  Microelectronic  sensors 
with  on-sensor  compensation  were  developed.  These  units  are  undergoing  qualification  for 
inclusion  in  a  testbed  engine.  Vortex  shedding  flowmeters  were  developed  to  provide  more 
durable  and  reliable  sensing  compared  to  turbine  flowmeters.  The  original  SSME  design 
contained  a  lox  turbine  flowmeter  in  addition  to  the  fuel  turbine  flo%nneter.  The  lox 
flowmeter  could  not  survive  the  environment  downstream  of  the  HPOP  and  was  eliminated 
from  the  engine  design.  The  vortex  shedding  flowmeters  have  been  tested  at  dynamic 
similitude,  and  have  been  exposed  to  some  simulated  engine  conditions.  Provisions  are 
being  made  for  test  bed  engine  testing.  Speed  sensing  was  eliminated  from  the  HPOTP 
because  the  first  sensor  type  that  was  tried  could  not  produce  reliable  signals,  and  the 
second  type  that  was  tried  caused  an  engine  failure.  A  new  non-intrusive  speed  sensor  has 
been  developed  for  high  pressure  lox  turbomachinery  application.  This  sensor  has  passed 
many  rig  and  qualification  tests  and  is  being  prepared  for  application  to  testbed  turbo- 
raachinery. 

Beginning  in  1983,  a  study  was  conducted  by  Battelle  Laboratories  under  the  sponsor¬ 
ship  of  NASA  Headquarters  to  survey  the  state  of  monitoring  technology  in  other  industries, 
and  to  search  for  premising  technologies  which  could  be  developed  for  application  to  the 
SSME  (6] .  This  study  resulted  in  the  confirmation  of  some  of  the  technology  efforts 
already  underway,  and  also  recommended  many  new  techniques.  Among  those,  specific  tech¬ 
niques  related  to  systems  design  and  monitoring  logic  were  pointed  to  as  offering  pro¬ 
mising  monitoring  improvements.  Partially  as  a  result  of  this  study,  monitoring  tech¬ 

nology  efforts  were  expanded.  In  1964  and  1985,  work  was  initiated  in  developing  real 
time  failure  detection  algorithms  (7).  The  first  step  of  the  effort  was  to  develop 
signatures  that  the  various  types  of  SSME  failures  produced.  Then,  a  three  stage  detec¬ 
tion  algorithm  was  formed  with  the  objective  of  rapid  detection  of  failure  signatures. 

This  work  is  still  in  an  infant  stage  but  is  a  prcxnising  first  step  toward  improving  upon 
redlines.  Further  monitoring  logic  development  activity  is  being  investigated  for 
analysis  of  dynamic  data  by  means  of  pattern  recognition  and  expert  system  techniques  [8J. 
Lewis  will,  in  the  near  future,  begin  study  to  develop  component  life  prediction  algorithms 
based  on  structural  durability  research  they  have  conducted  over  the  past  five  years. 

Such  algorithms  would  be  Implemented  as  part  of  an  integrated  life  management  system, 
the  research  for  which  is  just  beginning.  This  type  of  work  would  be  particularly  applic¬ 
able  to  future  apace-based  orbit  transfer  engines,  as  well  as  booster  engines. 

A  unique  new  sensing  medium  has  been  under  study  and  development  since  1985.  Optical 

spectrometry  is  being  applied  to  the  detection  of  anomalous  combustion  and  wear/erosion 
which  would  be  exhibited  in  the  SSME  plume  [9).  Commercial  and  special  laboratory  spec- 
trometric  equi^xDent  has  been  utilized  to  survey  and  characterize  the  SSME  plume  during 
single  engine  testing.  Instrument  successes  include  detection  of  copper  (in  the  form  of 
copper  tape  inadvertently  left  from  leak  test  procedures)  in  the  plume  which  was  burnt 
and  expelled  during  engine  start,  the  detection  of  calcium  in  the  plume  which  is  believed 


to  be  related  to  bearing  cage  degradation  that  occurred  during  a  test,  and  detection  of 
superalloys  in  the  r^ume  arising  from  the  erosion  of  a  fuel  preburner.  A  prototype 
Optical  Plume  Anomaly  Detector  specifically  designed  to  meet  engine  requirements  is  under 
development  based  on  the  characterization  data. 

Other  parameters  not  previously  exploited  include  turbine  torque  and  imaging  of  the 
engine  exterior.  Torque  is  valuable  in  determining  turbomachinery  performance  and 
operating  characteristics.  A  sensor  to  operationally  measure  torque  has  been  under 
laboratory  development  at  Rocketdyne.  Imaging  has  potential  application  to  leak  detec¬ 
tion.  During  the  plume  spectrometry  studies,  initial  imaging  data  was  acquired  for 
further  study.  In  a  different  monitoring  realm,  the  ability  to  make  predictions  and 
analyze  engine  performance  was  identified  as  an  important  component  of  monitoring.  A 
new  Rocket  Engine  Transient  Simulation  System  is  under  development  to  provide  a  flexible, 
modular,  ccanputer  code  which  can  perform  steady  and  transient  1-dimensional  aerothermal 
performance  predictions.  The  code  will  allow  much  more  efficient  and  accurate  predictions 
for  monitoring  purposes.  Many  other  technology  projects  which  show  promise  are  being 
planned  to  further  enhance  liquid  rocket  engine  monitoring  technology,  but  are  not 
developed  sufficiently  for  significant  results  to  be  reported. 

SUMMARY  AND  CONCLUSION 

SSME  monitoring  experience  provides  a  rich  base  to  build  upon  for  future  liquid 
rocket  booster  engine  monitoring  capability.  The  SSME  features  and  characteristics, 
including  its  cycle,  performance,  mission,  and  development  history,  have  led  to  the 
employment  of  very  extensive  and  varied  techniques  for  all  aspects  of  monitoring.  Growth 
in  monitoring  requirements  has  occurred  as  development  testing  provided  increased  exper¬ 
ience  with  re-useable  engine  components.  The  systems  employed  to  perform  SSME  monitoring 
are  being  upgraded  as  improved  technology  becomes  available.  Even  though  the  SSME  is  an 
experimental,  high  performance,  developmental  engine  with  extreme  operating  parameters, 
many  aspects  of  SSME  monitoring  experience  are  representative  of,  and  applicable  to, 
other  large  Liquid  rocket  engines.  Techniques  employed  in  SSME  real  time  monitoring 
include  automatic  parameter  redlines,  human  observers,  and  avionics  redundancy  management. 
Condition  monitoring  techniques  include  visual  inspections,  borescope  inspections,  some 
eddy  current,  dye  penetrant,  and  radiographic  inspection  techniques.  They  also  include 
functional  tests  fcr  avionics  and  actuating  mechanisms.  Leak  detection  is  performed  by 
a  number  of  methods  including  mass  spectrometry.  Correlation,  analysis,  and  condition 
determination  is  performed  by  expert  engineering  staffs  supported  by  high  capacity  data 
and  analysis  systems*  permitting  rapid  data  transmission  and  reasonable  turnaround. 
Analysis  of  dynamic  data  routinely  used  sophisticated  methods  and  very  high  capacity 
computing  capability.  Trending  depends  upon  a  number  of  document  tracking  systems  which 
are  partially  automated  through  conventional  data  base  techniques. 

During  early  engine  testing,  the  SSME  experienced  a  substantial  rate  of  erroneous 
early  shutdowns  which  were  due  to  conservative  test  procedures  and  sensor  unreliability. 
More  recent  test  history  exhibits  a  good  record  of  accurate  automatic  monitoring.  Flight 
history  includes  one  erroneous  engine  shutdown  due  to  sensor  unreliability  (which  has 
since  been  resolved) .  Insufficient  monitoring  was  related  to  only  ten  major  failures 
in  a  test  history  that  includes  1176  tests.  Inspections  with  results  such  as  those 
described  for  engine  2010  bear  a  significant  portion  of  the  credit  for  the  good  SSME 
monitoring  record,  and  illustrate  why  the  SSME  monitoring  process  is  extensive.  Future 
launch  vehicle  designs  must  meet  requirements  for  more  economical  access  to  space. 
Monitoring  is  a  key  technology  category  for  development  in  the  quest  for  the  vehicle 
improvements  necessary  to  meet  advanced  vehicle  design  goals.  Improvements  to  monitoring 
technology  currently  in  progress  include  alternate  sensing  concepts  to  provide  more 
reliable  and  higher  bandwidth  information,  exploitation  of  new  parameters  to  provide 
improved  engine  condition  information,  better  analysis  methods  for  increased  efficiency 
and  higher  quality  information,  and  more  sophisticated  real  time  detection  logic  and 
systems.  Based  on  SSME  experience  and  future  vehicle  needs,  monitoring  technolgy  goals 
have  been  defined  to  guide  an  expansion  of  efforts  to  improve  monitoring  development 
already  underway  and  to  tackle  all  other  aspects  of  the  monitoring  problem.  Recent 
results  are  beginning  to  prove  the  benefits  of  the  effort,  and  the  efficacy  of  the  new 
techniques.  Plans  for  the  expanded  monitoring  effort  are  being  established  to  quantatively 
define  the  goals  and  success  criteria  for  each  item  and  the  systems  as  a  whole.  The  plans 
will  guide  implementation  of  the  research  and  technology  development  effort  necessary  to 
meet  the  heeds  of  advanced  engine  systems.  The  future  holds  much  in  store  for  liquid 
rocket  engine  monitoring  technology  development. 
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NOMENCLATURE 


CMS  -  Control  and  Monitoring  System 

ETO  -  Earth-to-Orbit 

f/s  -  Feet  per  second 

FFT  -  Fast  Fourier  Transform 

FPB  -  Fuel  Preburner 

FPOV  -  Fuel  Preburner  Oxidizer  Valve 

FRF  -  Plight  Readiness  Firing 

g  -  Gravitational  constant 

hp  -  Horsepower 

HGM  -  Hot  Gas  Manifold 

KOSC  -  Huntsville  Operations  Support 
Center 

HPFP  -  High  Pressure  Fuel  Pump 
HPFT  -  High  Pressure  Fuel  Turbine 
HPFTP  -  High  Pressure  Fuel  Turbopump 
HPOP  -  High  Pressure  Oxidizer  Pump 

HPOTP  -  High  Pressure  Oxidizer 
Turbopus^ 

kg  -  Kilogram 

kPa  -  Kilo-Pascal 

®K  -  Degrees  Kelvin 

kN  -  Kilo-Newton 

lbs  -  Pounds 

lox  -  Liquid  Oxygen 

LPFT  -  Low  Pressure  Fuel  Turbine 

LPOT  -  Low  Pressure  Oxidizer  Turbine 

LRU  -  Line  Replaceable  Unit 


ro/s  -  Meters  per  second 

Max  Q  -  Mission  Dynamic  Pressure 

MCC  -  Main  Combustion  Chamber 

MCF  -  Major  Component  Fail 

MPV  -  Main  Fuel  Valve 

MOV  -  Main  Oxidizer  Valve 

MPTA  -  Main  Propulsion  Test  Article 

msec  -  Milliseconds 

MW  -  Mega-Watts 

NASA  -  National  Aeronautics  and 
Space  Administration 

NSTL  -  National  Space  Technology  Laboratories 

OPB  -  Oxidizer  Preburner 

OPOV  -  Oxidizer  Preburner  Oxidizer  Valve 

psf  -  Pounds  per  square  foot 

psia  -  Pounds  per  square  inch  absolute 

PBP  -  Preburner  Boost  Pump 

POPO  -  Coupled  engine/vehicle  oscillation 

PSD  -  Power  Spectral  Density 

"R  -  Degrees  Rankine 

RPL  -  Rated  Power  Level 

seem  -  Standard  cubic  inches  per  minute 

scim  -  Standard  cubic  centimeters  per  minute 

SSME  -  Space  Shuttle  Main  Engine 

UCR  -  Unsatisfactory  Condition  Report 

VDT  -  Vehicle  Data  Table 


tu^MSM**'*** 

rnomu 


1.0-E3 


460.0 

122.694 

202.5 

106.995 

260.0 

86.403 

265.0 

75.129 

922.5 

27.195 

605.0 

16.462 

405.0 

12.195 

242.5 

6.262 

277.5 

4.834 

230.0 

4.408 

NAVGS 

-  5 

BW 

-  2.50 

COMP 

-  53.772 

SYNC 

-  25.938 

1.0E  -2 


Figure  11.  Example  SSME  Turbomachinery  Dynamic  Response  Plot. 


DISCUSSION 

D.  DAVIDSON 

What  sort  of  new  sensor  do  you  expect  to  be  testing  on  the  forthcoming 
Test  Bed  Engine  Program? 

Author's  Reply: 

The  list  of  sensor  types  provided  during  the  presentation  and  in  the 
paper  are  those  which  are  being  developed  to  a  maturity  sufficient 
to  engine  testing. 
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ABSTRACT 

An  invMtigation  of  Spaco  Shuttio  tiain  Engino  (SSflE)  toating  failures  identified 
optical  eventa  Hhich  appeared  to  be  precuraora  of  those  failures.  A  prograa  mss 
therefore  undertaken  to  detect  plusM  trace  phenoaena  characteristic  of  the  engine  and 
to  deaign  a  eonltoring  aystee,  responsive  to  exceaeive  activity  in  the  pluae,  capable 
of  delivering  a  earning  of  an  anoMloua  condition.  By  aensing  the  aaount  of  extraneoua 
eaterial  entrained  In  the  pluae  and  conaiderlng  engine  history,  it  may  ba  poasibla  to 
identify  wearing  or  failing  coaponanta  In  tiae  for  a  safa  shutdown  and  thus  pravant  a 
catastrophic  evant.  To  invaatigate  tha  poasibilltlaa  of  devaloping  an  angina  health 
eonitor  to  initiate  the  shutdown  procadure  a  large  aaount  of  pluae  data  ware  takan  from 
SSflE  firings  using  laboratory  inatruaantation.  Those  data  ware  used  to  design  a  more 
specialized  inatruaent  dedicatad  to  rockat  pluaa  diagnostics.  Tha  spectral  wavelength 
range  of  the  baseline  data  was  about  SSO  nanometers  (na>  to  IS  microns  with  special 
attention  given  to  visible  and  near  UV.  The  data  indicates  that  a  satisfactory  design 
will  Include  a  polychromator  covering  the  rar^ge  of  SSOntI  to  lOOOnM,  along  with  a 
continuous  covarage  apactromater ,  each  having  a  resolution  of  at  laaat  SA*.  The 
concurrent  requirements  for  high  raaolution  and  broad  coverage  are  normally  at  odds 
with  one  another  in  commercial  instrumental  therefore  necessitating  the  development  of 
special  instrumentation.  The  deaign  of  a  polychromator  is  reviewed  herein,  with  a 
detailed  diacuaaion  of  the  continuous  coverage  spectrometer  delayed  to  a  later  forum. 
The  program  also  requires  tha  davalopment  of  applications  software  providing  detection, 
variable  background  discrimination,  noise  reduction,  filtering,  and  decision  making 
baaed  on  varying  historical  data. 


INTRODUCTION 


In  the  process  of  reviewing  engine  failures  occurring  during  the  testing  program 
for  the  Space  Shuttle  Hain  Engine  (BSNE),  a  number  of  films  of  the  operations  were 
analyzed  to  discover  possible  clues  to  anomelous  operation.',^  It  was  noted  that  in  8 
of  87  major  failures  a  visible  artifect  was  present  within  milliseconds  prior  to  the 
event.  It  was  theorized  that  the  visible  ertifacts  might  be  preceded  by  less  luminous 
traces  distributed  within  specific  spectral  bands,  perhaps  characteristic  of  certain 
types  of  failures.  A  project  was  proposed  and  enacted  to  analyze  and  characterize  the 
emitted  spectrum  from  rocket  plumes,  with  the  subject  of  immediate  interest  being  the 
SStIC.  The  purpose  of  the  project  was  to  identify  the  spectral  pattern  of  a  normal 
plume  and  phenomenological  spectra  peculiar  to  verified  mechanical  anomalies,  and  to 
design  a  system  to  detect  those  spectra  and  provide  a  usable  response  to  them.  It  is 
not  the  purpose  of  this  paper  to  disclose  the  results  of  analyses  of  data  thus  far 
acquired,  as  those  analyses  are  repotted  upon  elsewhere,*,''  but  rathmi  to  review  the 
equipment  used  to  obtain  the  basic  data  and  the  system  being  designed  as  a  result  of 
those  analyses.  (Related  work  has  been  reported  on  an  si  Heel  hut  i  ndwpmndent  study 

Having  decided  to  effect  the  program,  the  Engine  Test  Facility,  Propulsion 
Diagnostics  Section  at  The  Arnold  Engineering  Development  Center  (AEDC)  was  selected  to 
provide  the  instrumentation  support  necessary  to  obtain  the  data.  Tests  were 
conducted  at  NASA's  National  Space  Technology  Labe  (NSTI  >  in  Southern  Mississippi, 
since  the  A1  teat  stand  there  was  the  cloaest  available  location  of  an  8SNE  (the  other 
being  the  A3  stand  at  Rocketdyne's  Santa  Susanna  Facility  In  California)*.  The  AEOC 
had  bean  involved  in  spectrograph Ic  analytic  work  for  some  time  and  had  the  equipment 
available  for  this  project. 

REVIEW  OF  THE  RAOIOtlETRIC  TEST  INSTRUMENTATION 

TTie  environment  at  the  nozzle  exit  level  on  A1  is  hardly  conducive  to  easy  use  of 
l^oratory  optical  equipment.  Optical  radiation  measurements  were  made  In  the  presence 
of  heat,  noise,  vibration,  moisture  maturated  air,  wind  currents,  and  even  bright 
sunlight.  The  deck  is  not  enclosed  and  Im  thus  open  to  normal  envl ronmental  conditions 
<***bthar).  A  sturdy  steel  table,  S  by  18  feet,  was  mounted  to  the  concrete  hard  core 
of  the  tower,  and  braced  to  minimize  vibration.  The  front  edge  of  the  table  is  about  89 
ft.  from  the  center  of  the  SSME  plume  (see  fig.  1>.  Environmental  control  boxes  were 
designed  to  protect  the  Instruments  described  belowi  the  boxes  provided  acoustic, 
thereal,  and  general  environmental  protection.  The  boxes  wsr#  equipped  with 
appropriate  windows  (quartz  or  IRTRAN  ID  having  high  volume  external  air  purges  and 
internal  dry  gas  purgesp  they  were  attached  to  the  table  via  vibration  isolators  (fig. 


InatruflientAtlon  provldsd  to  support  this  sffort  (sss  fig.  1,  S,  6>  includod  « 
pair  of  cusioM  built  4->faand  flltor  radioAstors^  a  custoa  high  spaad  singls  channal 
filtsr  radiOMtsr,  8  singls  channsl  filtsr  radlosstsrs  Mtth  tjv  actWs  datactors  tPMTs)» 
a  machanical  scanning  0.9n  spactroaatar  having  3  datactors  a  3/4n  spactromatar  with 
a  fila  attachfliant  *  Two  EGAlS^PARC  OHA‘s  (Optical  llultlchannal  Analyzars)  couplad  to 
0.33n  Czarny-^Turnar  Spactrcaatars  --  ona  of  which  was  fibar  optir  raaotad  with  only  tha 
foraoptic  systaa  outsidap  4  vidao  caataras  3  with  filtarsp  an  A6A  Tharmoviaionp  a 
custoa  built  UV  auto  ranging  caaara  ,  and  S  IP  spactronatars  havit'ig  circular  variabla 
filtars  <CVF)  **. 

Tha  4  band  filtar  radioaatars  wara  built  by  th#  A£DC.  Thay  have  4  separata 
sections  aountad  in  ona  case  and  have  co-alignad  optical  axes  with  provision  to  allow 
laser  aining.  Fhasa  units  are  equipped  with  PhT’s  artd  replaceable  optical  filters 
chosen  to  pass  selected  specie  lines  (sea  table  1).  Tha  electronics  for  each  section 
include  a  five  decade,  fast  switching,  autoranging  nanoaamatar  dasigtiad  at  tha  AEDC 
Filtars  wara  changed  out  several  tijsaa  during  tha  couraa  of  the  observations.  The 
field  of  view  was  defined  by  tha  field  stop  to  be  18  In.  high  by  84  in  wide  (sea  fig. 
3). 

The  single  channel  high  spaed  radioaatar  was  originally  designed  to  detect  "hot 
particles'*  which  wara  presumed  to  generate  tha  orange  streaking  apparent  in  the  plume; 
those  hot  particles  were  presumed  to  be  material  raleased  from  various  internal 
locations  which  had  become  luminous  upon  passing  through  the  flain  Combustion  Chamber 
<nCC)  and  remained  in  tight  groups  in  the  high  speed  portion  of  the  outer  plume.  The 
radiometer  was  equipped  with  a  PhT  and  an  BSO  Schott  glass  filter  yielding  a  response 
optimist  for  the  near  IR  (approximately  BSO  to  1000*  ntl).  Provision  was  made  for 
cryogenic  cooling  of  the  PtIT,  although  It  was  not  necessary  for  our  purposes.  The 
field  of  view  was  stopped  at  2  in.  high  by  9  ft.  wide  at  the  plume  and  the  bandwidth 
was  about  SOOkhz  (see  fig.  31.  It  later  became  apparent  that  the  water  emisaion  band 
around  9S0nli  was  so  large  that  the  detector  was  saturated  and  thus  rendered 
ineffective.  Also,  the  orange  streakir»g  apparently  is  due  to  sodiom  emission.  For 
those  reasons  this  radiometer  was  reconfigured  to  monitor  other  hands. 

Two  other  single  channel  filter  radiometers,  having  UV  <9efisitive  PfITs,  were  used 
to  monitor  the  OH  radiation  (narrow  filtered  with  the  center  at  about  310  nH)  from  the 
plume  iuet  below  the  edge  of  the  nozzle  and  from  the  mach  “disc".  These  were  to  be 
used  to  try  to  obtain  a  verification  of  calculated  specie  populations  In  the  plume  (see 
fig.  4) . 

A  custom  built  high  resolution  grating  spectroi adiometer  was  used  to  characterize 
the  UV  (800  to  320  nM),  This  unit  utilized  a  O.Sh  SPEX  spectrometer  having  a  scanning 
mirror  (3  sec.  per  scan)  with  the  focal  plane  covered  by  3  si i t^detector  pairs,  each 
si i t^detector  pair  covering  40nf1.  Data  were  acquired  and  processed  by  a  dedicated 
micro-computer  system  and  raw  output  was  fed  to  FM  tapes. (see  fig.  1,  2,  3> 

A  0.73n  spectrometer  with  a  film  attachment  at  the  exit  plane  was  utilized. 
Exposures  of  many  seconds  were  used.  Data  was  reduced  by  using  an  optical  densitometer 
to  yield  an  amplitude  versus  wavelength  plot  (see  fig.  1,  2). 

Two  IR  spectrometers  were  applied.  These  units,  built  by  the  AEDC,  have  LtP* 
cooled  long  wavelength  detectors  and  motor  driven  circular  variable  filters.  A  micro- 
computer  data  system  was  used  to  acquire  ai^  process  the  data.^  The  range  covered  by 
the  units  was  approximately  1.3  micron  to  3  microns  and  2.5  microns  to  16  microns  (see 
fig.  8,  3). 

Two  OMA's  were  used.  These  units  have  intensified  1084  element  silicon  diode 
arrays.  The  0.33H  spectrometer  of  one  OHA  was  mounted  on  the  support  table  with  custom 
cabling  connecting  to  th#  control  computer  assembly  inside  the  hard  core.  This  unit 
was  usable  from  approximately  300  to  800  nfl  and  was  generally  used  iu  the  near  UV.  The 
other  (inA  was  set  up  with  its  spectrometer  inside  the  hard  core  along  with  its  data 
acquisition  and  control  equipment.  A  fiber  optic  cable  connected  tlie  spectrometer  to  a 
foreoptlc  assembly  (two  lenses  and  cable  termination)  (see  fig.  1,  8).  Since  fiber 

optic  cables  do  not  transmit  UV  well  this  unit  was  usually  used  for  visible  range 
emissions.  These  units  can  have  the  scan  rate  and  rtumber  of  scans  added  for  data 
Interrslf icatlon  programmed.  Due  to  memory  constraints  the  DH<)'s  could  acquire  only  90 
spectrums  at  any  time;  therefore  90  sets  would  be  taken,  loaded  to  disc,  during  which 
time  no  data  could  be  taken,  followed  bv  another  90  sets  loaded  to  a  second  disc. 

Several  imaging  systems  were  used.  A  total  of  4  video  cameras  were  used.  Two  GE 
TNS300  CCD  solid  state  scanning  array  cameras  were  eouipped  with  a  Sodium  filter  (590 
nM)  and  a  Potassium  (770  nM)  filter.  A  standard  video  camera  having  an  050  Schott 
glaaa  filter  was  used  to  observe  the  approximately  850  to  1100  nM  band;  this  allowed 
viewing  the  plume  in  the  950  nM 

water  emission  baiid.  A  facility  (NSTL)  provided  high  speed  video  camera  was  also 
utilized. 

An  AGA  Thermovision  IH  camera  equipped  with  InSb  detector  and  a  2.7  micron  filter 
was  used.  This  allowed  imaging  in  another  water  emission  band,  although  the  spatial 
resolution  Is  not  high. 

A  UV  camera,  with  an  OH  band  filter  (311  nM),  was  used.  Some  tests  were 
configured  with  a  simple  pinhole  to  obtain  a  relatively  wide  field  of  view.  This 
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camcrA  utilizM  m  proxi«ity  focu«»«d  channel  intanaiflvr  tuba  (PFCIT)  with  a  Caaiua 
tallurida  photocathoda  for  uaa  in  tha  daap  UV,  balow  380nn.* 

Data  froa  all  radloaatara  wara  fad  to  FH  tapa  racordara  and  tha  data  froa  tha 
caaarao  wara  fad  to  VCR* a*  Tha  data  ^quiaitlon  la  atartad  raaotaly  by  a  aignal 
inltiatad  froa  tha  NSTL  taat  control  cantar.  Tapaa  wara  ratrlavad  and  digital  diaca 
backad-up  iaaadiataly  aftar  aach  taat. 

Data  acqulrad  at  tha  A3  location  waa  cRttainad  *  ualng  a  Tracoi — Northarn  TN— 6900 
Raal  Tima  Spactromatar  having  a  918  alaaant  unintanaif iad  datactor  array  couplad  to  a  9 
in.  f/lO  Schaidt'^CaBoagraln  raflacting  talaacopa.  Wavalangth  ranga  ia  390  to  BOO  nfl. 
Thia  arrangamant  waa  locatad  aavaral  hundrad  faat  froa  tha  taat  atand.  Whan  uaad  to 
viaw  an  Orbital  Tranafar  Vahlcla  (OTV)  angina,  a  diffarant  foraoptlc  ayataa  waa  uaad 
and  a  diatanca  of  about  69  ft.  utilizad. 


exPERICNCE  FROM  TESTING 


Taata  at  NSTL  hava  yialdad  llttla  anoaaloua  pluaa  data,  prlaarily  bacauaa  tha 
anginaa  ara  not  oparatad  in  aarginal  condition  and  thua  ara  not  glvan  to  fraquant  aaior 
failura.  Tha  anginaa  noraally  run  at  A3  ara  anginaaring  avaluation  units  and  ara 
soaatlaaa  run  in  lass  than  flyabla  condition.  For  inotanca,  during  a  aariao  of  3  runs 
on  A3,  analyaia  of  tha  data  ravaalad  an  onaat  of  an  arratlc  CaOH  traca.  Tha  traca, 
noraally  showing  about  9X  variations,  auddanly  ahowad  variations  of  about  89  to  90X. 
Hachanical  inapactlon  ahowad  total  failura  of  tha  baaring  cagaa  in  ona  of  tha 
turbopuapa.  Othar  inatrumantation  waa  providad  to  monitor  baaring  failura  but  usabla 
information  waa  availabla  from  tha  apactroaatar ,  which  would  parait  caga  failura 
dataction,  prior  to  mora  convanttonal  aathoda.  A  similar  avant  occurrad  during 
obaarvatlon  of  an  QTV  anginai  a  baaring  lockad  up,  stopping  tha  angina,  but  tha  CaOH 
traca  ahowad  a  major  daviation  a  faw  saconda  bafora 

Anothar  iricidant,  fortuitous  for  tha  invastigatora,  darivad  from  tha  Inadvartant 
failura  to  ramova  a  piaca  of  coppar  tapa-  uaad  to  saal  cracks  in  tha  I1CC  to  allow 
inarting  prasaurlzation  during  shipping-  froa  tha  ncc  of  a  SSHE.  As  tha  tapa  waa 
consumad  during  angina  oparation,  an  aasily  obsarvabla  CuOH  traca  was  aaan.  Similarly, 
an  injactor  faca  plata  failura  parmittad  tha  dataction  of  matalllc  apaciaa  such  as  N1 
and  Fa. 


VJhila  faw  inatancaa  of  anomalous  plums  aaiaaions  wars  obaarvad  in  thia  study,  a 
larga  amount  of  baaalina  plums  data  waa  collactad  As  shown  in  figuraa  (7  and  8), 
high  background  radiation  waa  obaarvad  In  tha  ultravlolat  Thara  la,  in  fact,  an 

apparant  continuum  from  OH  amiaalon  in  tha  ranga  from  830  to  360nn,  Thara  la  vary 
strong  amiaalon  from  Na  at  990  nfl  and  K  at  770  mN)  CaOH  at  996nn  and  684nn  ara  also 
avidant  as  shown  in  figura  (9).  On  aalactad  taata  othar  traca  alamanta  hava  baan 
obaarvad  but  no  othar  apaciaa  hava  baan  continuously  praaant. 

Tha  high  UV  background  radiation  couplad  with  high  daylight  background  and  acattar 
from  watar  vapor  aapiratad  into  tha  fiald  of  viaw  ganaratad  high-lavaJ,  noisy  signals 
on  ail  filtar  radiomatara.  To  countar  tha  affacta  of  thaaa  high  background  signals, 
much  highar  optical  raaolution  will  ba  nacaaaary  to  obaarva  tha  daairad  llna  apactra. 
With  tha  aquipmant  uaad,  tha  anargy  availabla  from  aach  apacia  of  intaraat  is  a  low 

parcantaga  of  tha  total  praaantad  within  tha  raaolution  alamant,  thus  making  difficult 

tha  dataction  of  tha  daairad  signal.  Con^inad  with  a  raquiramant  for  faat  raaponaa, 

and  tamparad  by  funding  constraints  limiting  tha  and  product,  it  ia  nacaaaary  to  daalgn 
a  naw  piaca  of  aquipmant  which  will  provtda  9A*,  or  battar,  raaolution  and  wida 

adjustability  in  a  multi-channal  radtomatric  inatrumant. 

Incidantally.  it  ia  strongly  fait  that  tha  Na,  K,  and  Ca  bass  tracaa  ara  dua  to 
matarial  praaant  In  tha  fual  (H8).  Thia  was  Infarrad  bacauaa  of  tha  continuoua 
praaanca  of  thaaa  apaciaa  whan  H8  ia  burning.  Thaaa  apaciaa  ara  aaan  in  tha  plums 
adgas  and  in  tha  mach  disc,  and  tha  disc  ia  likaly  to  contain  only  whatavar  ia  fad  into 
tha  fICC.  Fuala  ara  analyzad  for  adharanca  to  apacif icatlon  but  lavala  of  traca 
matariala  obsarvabla  by  optical  aanaora  ia  conaidarably  amallar  than  tha  standard 
chamlcal  analyaaa  parmit.  A  program  to  idantlfy  tha  impurltlaa  in  tha  fuala  has  baan 
plannad  but  has  not  baan  affactadp  for  SMaapla,  tha  obaarvad  Na  concantration  has  baan 
calculatad  at  lass  than  1  ppb  **,*. 

Tha  rafarsncaa  <1  through  9)  provida  mora  daiail  as  to  tha  raaaona  for  tha  damand 
placad  upon  tha  naw  inatrumant.  Tha  raat  of  thia  papar  will  daacriba  tha  Optical  Plums 
Anomaly  Datactor  <0PAD)  and  tha  high  raaolution  optical  apact'um  analyzar. 


□PAD  CONCEPT  DC8ISN 


As  Indicatad  in  tha  pravloua  aaction,  tha  high  background  lavala  ganaratad  by  OH 
radical  amlaaion,  scattarad  light  from  tha  mach  disc  and  daylight  acattar  comblna  to 
maka  dataction  of  waak  spactral  linaa  vary  diffLcult.  Tha  most  substantial 
countarmaasura  against  high  background  lavala  la  to  acquira  tha  bast  poaaibla  spactral 
raaolution.  Tharofora,  tha  daaign  of  an  OPAD  cannot  bo  basad  on  low  raaolution  optical 


filtar  radicHMitarm  such  mm  tha  4'-li«nd  radioaatara  daacribad  in  tha  pravious  aactlon. 
Optical  filtara  ganarally  hava  paaa  Panda  of  3  to  9nn.  Sinco  tha  spactral  linaa  of 
Intaraat  aro  aaaantlally  aonochroaatic»  tt%a  OPAD  aignal-to-^ackground-^noiaa  ratio  Mill 
vary  invaraaly  Mith  tha  paaa  band.  Tharafora»  at  laaat  ona  ordar  of  aagnituda 
iaprovaaant  in  aignal-^to-background  can  ba  raalizad  by  uaing  a  high  raaolution  grating 
apactroaatar  to  iaolata  apactral  aaiaaion  linaa.  Aa  a  raault  a  polychroaator  baaad  on 
tha  uaa  of  a  *4~natar  grating  apactrograph  Maa  choaon  for  uaa  in  tha  QPAD.  Tha  uaa  of  a 
grating  apactrograph  alao  providaa  for  an  aaaantially  unraatrictad  aalaction  of 
candidata  apactral  linaa*  Mhich  la  not  trua  nlth  optical  filtara.  Figura  11  ia  a 
diagraa  of  tha  QPM)  polychraaator  aa  it  ia  currantly  baing  iaplaaantad. 


Tha  aaaaably  conalata  of  a  aanual ly-oparatad«  ^^aatar,  6PE)(,  grating  apactrograph. 
Tha  davica  naa  ordarad  Mithout  attachaanta.  Cuatoaixad  input  and  output  attachaants 
ara  baing  davalopad. 

Tha  input  attachaant  consiato  of  a  l.89*inch  diaaatar  integrating  aphara  (aaa  fig. 
i9>  and  aaaoclatad  lanaaa.  Tha  diagraa  ahoMa  tha  ayataa  alignad  to  analyze  light 
aaittad  froa  tha  area  of  tha  ahock  atructura  laach  diaci*  although  it  may  prove 
praforabla  to  aaapla  tha  light  froa  tha  area  batnaan  tha  nozzle  exit  and  tha  ahock 
atructura.  Either  nay  tha  field  of  viaa  of  tha  OPAD  ia  dataminad  by  tha  field  atop 
aperture  located  iaaadiataly  in  front  of  tha  field  lana.  Tha  field  atop  can  ba 
conveniently  changed  to  *oat  apacific  f iald-of>‘viaM  raquiranenta.  The  field  lana 
diracta  light  coaing  through  the  field  atop  to  an  input  aperture  on  the  integrating 
aphara.  Tha  nail  of  tha  aphara  haa  a  high*  diffuaa  raflartanca  and  tha  aphara  wail 
baconaa  uniformly  illuminated  by  tha  input  light.  Tha  relay  lana  magnifiaa  an  output 
slit  in  tha  aphara  Mali  to  uniformly  fill  thm  mntranca  alit  and  field  of  viaM  of  tha 
apactrograph. 


Tha  diaparaad  spectrum  at  tha  output  of  tha  apactrograph  la  •*  inches  long  by  0.9 
inches  high.  Tha  grating  has  333  linas/mm  and  is  blazed  at  600  nh  in  tha  first  ordar. 

Tha  first  ordar  diaparaion  at  tha  focal  plana  is  4.95nn/mm*  Mhich  gives  a  focal 
plana  coverage  of  500  to  lOOOnH  in  tha  first  order  overlapped  by  S50  to  SOOnM  in  tha 
second  order. 

Tha  output  attachment  consists  of  a  special,  ruggedlzad  assembly  of  sixteen 
discrete,  photovoltaic,  silicon  detectors.  Tha  detectors  are  1.1  n  5.9mm,  Hamamatsu 
type  S1287>168Q,  and  arc  mounted  on  adiustable  arms  as  shown  in  the  exploded  view  of 
Figura  18.  A  O.OOS  inch  wide  by  0.25  irnrh  long,  light  exit  slit  and  an  order  sorting 
filter  ara  mounted  In  front  of  each  detector.  Tha  arms  ara  adjusted  so  that  each  slit 
intercepts  a  unique  epectral  line.  Schott  glaaaea  are  used  as  order  sorting  filters. 
Oi'te  row  of  eight  detectora  ia  mounted  along  the  bottom  half  nf  the  dispersed  spectrum 
and  a  second  row  of  eight  detectors  ia  mounted  along  the  top  half  of  the  spectrumi  only 
twelve  of  tha  sixteen  detectors  will  ba  utilized  in  lni*^ial  appl  icationa.  Tha 
positions  of  tha  mechanical  arms  are  adiustable  along  the  direct iun  of  the  dispersed 
spectrum  ai-id  tha  detector  mounts  for  tha  two  opposite  sections  are  designed  to  clear 
each  other  along  tha  middle  of  the  spectrum.  Since  the  spectral  line  images  are  long 
enough  to  overlap  both  rows  of  detectors,  two  spectral  lines  that  are  very  close 
together  can  be  monitored  simultaneously  by  two  opposing  detectors.  The  position  of 
each  detector  is  adjusted  by  maximizing  tha  signal  gar«aratad  with  a  monochromatic 
source  of  tha  desired  wavelength.  Hollow  cathode  apactral  lamps  are  tha  primary 
monochromatic  sources  used  for  wavelength  cal ibrat ions .  Dtiring  test  stand  applications 
nothing  in  the  OPAD  will  move.  Therefore,  the  instrument  should  maintain  its 
calibration  in  the  high  noise  environment. 


OPAD  PQLYCMROftATOR  ELECTRONIC  SYSTEM 


Tha  photo-currant  from  each  detector  ia  measured  by  an  auto-ranging  nanoammeter, 
which  detects  currants  in  tha  10~**  to  10*'  amp  range.  The  design  of  the  electrometer 
ia  presented  in  Ref.  7.  One  auto-ranging  nanoammeter  is  provided  for  each  of  the  18 
detectors. 

A  block  diagram  of  tha  electronic  instrumentation  in  the  OPAD  system  is  presented 
in  Figura  13.  All  analog  signals  from  the  autoranging  nanoammaters  are  fad  to  four  4- 
channai  ADC  boards.  Each  channel  par  board  has  an  input  preamplifier,  sampla-and-hold 
amplifier,  18-bit  ADC,  output  latches,  and  buffers.  Tha  analog  signals  ara  digitized 
at  a  I  Khz  rate.  Tha  digitized  signal  data  and  range  data  ara  transferred  to  the 
computers  via  the  digital  control  board. 

Tha  digital  control  board  was  designed  and  built  to  control  tha  digitizing 
process,  to  provide  a  f irst-in/f Irst-out  (FIFO)  memory  for  the  digital  data,  to 
implement  the  computer  handshak I tio  protocol  and  to  provide  a  high  spaed  digital 
comparator.  The  comparison  process  is  implamantad  using  a  bipolai  microprocessor  and 
microprogrammabla  sequancaa.  The  microprocessor  executes  an  instruction  every  on-board 
clock  cycle  and  "builds’'  an  overflow  word  from  the  results  of  successive  comparisons 
made  between  the  signal  data  and  the  stored  Threshold  Levels.  The  over  flow  word  is 
then  transferred  to  the  computer  performing  the  real-time  analysis  and  la  alao 
available  for  real-time  control  of  pnssible  engine  shutdown.  1he  FIFO  memory  does  not 
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raprosbnt  •  «ignific«nt  delay  in  the  systee,  but  rather,  it  ia  used  to  insure  no  loss 
of  data  due  to  computer  bus  contention  Mhich  can  occur  during  a  synchronous  data 
transfers.  Another  eicroproqraeeed  sequencer  is  used  to  perform  the  handshakes  bettveen 
the  computer's  direct  meeory  access  COflA)  interface  and  the  FIFO  memory . 

Each  computer  is  an  80286-based  Zenith  2-SA8  system  configured  as  followst  EOA 
color  graphics  card  and  monitor,  20  Mbyte  hard  disk  drive,  1.9  Mbyte  RAM,  80S87 
coprocessor,  360  Kbyte  floppy  disk  drive,  and  DMA  and  programmed  I/O  interfaces.  The 
system  used  to  archive  the  data  also  contains  an  additional  dtia)  PC  Mbyte  removable- 
disk  cartridge  drive.  One  computer  acquires  and  stores  spectral  data  and  IRIS  time 
data  (data  archiving),  uhile  a  second  computer  is  used  for  real-time  analysis  and 
display.  The  second  computer  also  cslculates  and  downloads  the  threshold  levels  to  the 
microprocessor  on  the  digital  control  board.  The  microprocessor  serves  as  a  digital 
comparator  artd  supplies  an  overflow  word  back  to  the  computer,  as  discuased  above. 

Assembly  language  software  was  written  under  DOS  to  acquire  and  store  data  on  the 
first  system  at  rates  eMceedlng  170  Kbytms/second.  Assembly  language  software  was 
writteri  to  acquire  data  on  the  second  system  and  display  an  on-line  18  channel 
histogram.  The  histogram  Figure  D  shows  signal  rar>Qe  and  magnitude  for  each  channel 
(each  channal  rapresents  a  particular  lina  source).  Each  chanr>el  is  sampled  once  every 
mill isecond . 

The  overflow  word  represents  the  fact  that  the  detected  signal  has  exceeded  a 
predetermined  threshold  (downloaded  from  the  real-time  computer  to  the  digital  control 
board).  The  output  of  this  overflow  word  is  available  to  be  fed  to  an  external  system 
capable  of  initiating  a  response  to  the  detected  anomaly.  That  response  could  be 
anything  from  a  variation  effected  in  operatir^  conditions  to  shut-down  of  an  engine. 

A  q-band  filter  radiometer  is  to  be  mounted  alongside  t)ie  OPAO  to  capture  wide 
range  data.  This  is  to  allow  the  possibility  to  correct  for  variations  in  the 
background  caused  by  disturbances  such  as  vapor  clouds  in  the  field  of  view  creating 
scattering  or  obscuration,  variations  in  ambient  light  levels  or  other  optical 
abnormalities.  These  levels  can  be  fed  to  the  real-time  analysis  computer  and  used  to 
determine  appropriate  threshold  levels  on  a  real-time  basis. 


THE  OPAD  SPECTROMETER 


The  OPAO  Spectrometer  (a  multi-channel  high  resolution  radiometer)  is  intended  to 
be  a  failure  detection/prevention  device.  It  is  meant  to  detect  anomalous  species 
and,  based  on  perceived  levels  and  tempered  by  historical  ^ata,  Issue  an  output  to  the 
engine  controller  directing  some  corrective  action.  At  the  present  time,  however, 
limited  information  is  available  concerning  the  reletlonship  between  emitted  spectra 
and  their  sources.  Therefore,  it  is  necessary  to  gather  more  spectroradiometr ic  data 
on  the  engines  being  monitored.  As  mentioned  previously,'*,*  high  resolution  is 
necessary,  but  with  the  wide  range  desired,  290nM  to  lOOOnM,  no  commercially  available 
instrument  will  do  the  iobi  thus,  a  custom  instrument  is  being  designed.  The  Optical 
design  of  the  OPAD  spectrometer  is  simller  to  the  OPAD  Pol ychromator  (Figure  11) 
exceptiitg  that  the  detector  assembly  is  ri^laced  with  an  assembly  carrying  four  8048 
element  linear  detector  arrays.  Using  order  sorting  filters  to  separate  the  4  arrays 
into  3  groups,  rlia  < ange  and  resolution  requirements  are  approached.  The  arrangement 
gives  4096  elements  to  cover  each  of  the  two  bends,  890  to  500nM  and  SOOmN  to  lOOOnM. 
These  errays,  via  their  control  boards,  ere  connected  to  a  Zenith  848  computer,  which 
processes  the  data  and  stores  it  on  an  optical  memory  disc  (approximately  ISO 
Megabytes).  The  data  may  then  be  analyzed  later. 


COMMENTS 


The  two  instruments  reviewed  in  this  paper  ere  tools  which  may  allow  rocket  engine 
systene  to  identify  mechanical  abnormalities  in  themselves  before  a  cateetrophic 
incident  occurs,  thus  saving,  at  least,  the  engine  and  perhaps  even  the  vehicle  on 
which  they  ere  ueed.  Several  significant  teskc  remain  before  such  protection  can 
become  a  reality.  One  effort  is  that  of  correlating  actual  engine  incidence  with 
detected  eventsi  such  e  task  will  allow  the  development  of  proper  software. 
Considering  the  diversity  of  construction  among  the  several  engine  test  stands,  even 
the  act  of  mounting  the  instruments  to  those  etends  is  not  trivial.  Keeping  track  of 
the  engines  and  ths  data  applicable  to  each  is  also  necsssary.  As  more  engines  are 
made  available,  data  tracking  and  correlation  becomes  a  considrrable  task.  None  of  the 
taeks  are  insurmountable  but  rather  require  in-depth  attention. 
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DISCUSSION 

I,  TAYLOR 

1.  la  the  apectroaeter  intended  to  be  an  on-board  ayatea? 

2.  Vould  you  describe  hov  such  an  on-board  systen  sight  be  set  up  in 
the  vehicle?  Do  you  foraee  any  changes  to  the  engine  to  accoiaodate 
such  a  Bonater? 

Author's  Reply: 

1.  Not  this  Bodel,  it  la  too  large,  too  heavy  and  too  fragile.  This 
unit  la  a  prototype  engineering  nodel. 

2.  No  changes  to  the  engine  would  be  required.  The  Instruinent  would 

be  totally  transparent  to  the  engine  ayatea.  It  la  not  obvious  at  this 
tlae  how  to  accoapllah  such  a  task.  A  high  spectral  dispersion  system 
is  necessary  as  well  as  a  vibration  insensitive  one.  The  design  of  such 
an  instrument  is  a  future  (near-term)  task. 


GAS  PATH  CONDITION  MONITORING  USING  ELECTROSTATIC  TECHNIQUES 
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SMuor 

Th«  coocapc  of  condition  laonitorlnc  uainf  •lactroatntica  offars  th«  opportunity  to  monitor 
gas  path  faults  aa  thay  occur.  It  ia  baaad  on  tha  aaaumptlon  that  gaa  path  diatraaaaa,  auch 
aa  blada  ruba  and  coobuator  biuma,  cauaa  tha  production  of  mlnuta  particlea  of  dabria,  tdiich 
carry  alactroatatlc  charge,  and  can  ba  monitorad  on  aui table  aanaora  mounted  in  tha  angina. 

Tha  angina  has  a  nomal  level  of  charge,  which  produces  a  background  aignal.  Tha  debris 
produced  by  diatraaaaa  causae  a  change  in  tha  aignal  idiich  can  ba  monitorad  using  suitable 
aignal  procaaaing  techniques. 

Tha  paper  daacribaa  tha  research  %fork  tdiich  was  nacaaaary  to  provide  an  understanding  of  tha 
machaniama  involved.  This  forma  the  basis  of  tha  technique  which  is  described,  with 
examples  of  tha  application  of  tha  ayatem  to  various  engines. 


1.0  iNTSooacTioir 

Research  and  invaatigatlon  into  tha  use  of  electrostatic  techniquea  to  monitor  the  condition  of  a 
jet  angina  or  gaa  turbine  gaa  path  commenced  in  America  in  the  early  I970a.  The  American  work 
dsfflonatratad  the  potential  of  the  technique,  but  appeared  to  cease  in  about  1979. 

Stewart  Hughes  Limited  saw  tha  potential  of  the  technique  but  recognised  the  need  for  a  basic 
understanding  of  the  fundamental  principles  of  the  technique.  An  extensive  programme  of  research  and 
latterly  development  work  has  been  undertaken  over  tha  past  few  years.  A  basic  understanding  and 
knowledge  base  of  the  physical  mechanisms  has  been  developed  and  is  being  used  to  exploit  the  full 
potential  of  the  technique. 

The  basic  premise  is  that  distresses  produce  eleetrostatlcslly  charged  particles.  The  principle  of 
the  technique  is  to  monitor  electrostatically  charged  debris  present  in  the  engine.  The  exhaust  gaa  has  a 
normal  level  of  electrostatic  charge  vdiich  gives  the  background  signal.  The  signal  will  change  when 
increased  amounts  of  electroststlcally  charged  debris  are  present  in  the  gss.  This  may  be  due  to  verious 
reasons : 

(1)  *Debrls-i)roduclng*  faxilts  in  the  gas  path,  such  ss  blsds  rubs,  combustor  bums  etc 
(li)  High  levels  of  carbon  being  formed  in  the  combustion  chambers  and  being  shed 
(iii)  Veer  of  abradable  seels  or  costings 
(Iv)  Ingested  msterlsl 

The  increase  in  electrostatic  activity  ia  monitored  using  suitable  sensors  strategically  placed  in 
the  gaa  path. 


This  paper  describee  the  research  work  \d&ich  was  necessary  to  provide  an  understanding  of  the 
mechanisms  inwlved.  This  forms  the  basis  of  the  technique  which  is  described  with  exaiaples  of 
eppllcation  to  various  engines. 


2.0  mmcH  non 

A  good  understanding  of  the  fundamental  principles  is  tha  ksy  to  this  technique,  so  that  its 
maximum  potential  le  achievable.  The  work  prograne  started  purely  as  research.  This  has  continued 
throughout  to  support  the  development  work,  so  that  problems  can  be  eddreseed  end  understood. 

The  research  «#ork  has  been  carried  out  in  three  distinct  phases. 


2 . 1  Initial  resmarch 

The  initial  aim  of  the  research  work  %raa  to  build  confidence  in  the  principles  of  the  technique. 
Several  fundamental  queatlons  had  to  be  addressed  to  eatabllab  the  overall  feasibility  of  using  such  a 
technique. 

The  first  fact  to  establish  was  that  metallic  debris  carried  electroatstlc  charge  end  to 
investigate  the  la^rtance  of  various  paraoMtars  in  the  electrostatic  charging  of  matsl  powders. 

This  work  was  carried  out  on  a  small  exparimoital  rig,  shown  in  Figure  1.  This  rig  is  ussd  by  the 
tfolfeon  nectrostatics  Holt  of  the  Otalvereity  of  Southampton,  UK,  for  fundsmontsl  Invastigatione  of 
Inauletlng  meterisl  powder  charging.  TVo  different  powder  feed  systems  were  used  durix^  the  course  of  the 
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FIGURE  1  t  Sa»ll  tub*  powd*r  flow  rig 


work.  VarlouA  p«raa*t«rs  thought  to  b«  laportant  war*  inv**tlgat*d  ualng  thia  rig.  That*  Includad,  tub* 
l«ngth«  tub*  diaaatar,  powdar  typ*  and  particl*  aiaa,  bands,  obataclaa.  tttm  Faraday  cup  aaaauras  the 
alactrostatlc  charge  on  the  powdar  collaetad  In  it. 

Savaral  different  po%id«ra  war*  used  in  the  axpariaanta,  including  aluminium,  stainlaaa  steal  316, 
Nlmonie  80,  Inconel  and  Aadry  99S  (coating  powder).  Various  particle  sites  were  also  used. 

The  important  conclusions  from  this  work  were: 

(1)  The  charging  of  metal  debris  is  a  real  effect  and  the  charges  involved  are  measurable,  repeatable, 
and  of  a  similar  order  to  those  acquired  by  non'-conducting  materials. 

(ii)  Several  parameters  were  identified  as  having  a  significant  effect  on  the  charge  on  the  debris. 
These  include  debris  velocity,  tube  geometry,  collisions,  material  tsrpe  and  debris  size. 

Figure  2  shows  the  results  of  a  simple  dimensional  analysis  undertaken  on  the  data  acquired  from 
this  experimental  rig.  The  data  collapses  to  a  curve.  The  ebsiclaae  being  the  ratio  of  tube 
length  to  diasMter  (L/D)  and  the  ordinate  function  of  cbMrg*,  flowrate,  time  and  tube  dismetsr. 
This  correlation  dMonstrates  the  c^iaistency  of  the  results.  Consideration  of  e  typical  Jet 
engine  gas  path  indicates  that  the  L/D  values  will  not  approach  the  large  values  used  in  the 
experimental  work,  end  will  more  typically  be  in  the  steep  slope  area  at  the  start  of  the  curve. 

(ill)  The  results  showed  good  sgreement  with  American  work,  with  similar  trends  evident,  although  the 
American  work  was  carried  out  on  ouch  larger  rigs. 


2.2  Scaling  effects  sod  smnsors 

Once  s  basic  knowledge  of  the  principles  and  sosm  confldsncs  in  the  concept  had  been  established 
the  work  was  transferred  to  a  larger  experimental  rig.  The  aim  of  this  was: 

(i)  To  start  to  establish  scaling  effects 

(ii)  To  enable  Investigations  of  sensor  and  signal  conditioning  characteristics  and  requiremvits  to 
commence. 

A  schematic  of  the  experimental  rig  is  shown  in  Figure  3.  The  scale  paremeters  of  the  large  to 
small  rigs  were  epproxlmetely: 


Tube  cross-sectional  area  115:1 
Air  velocity  2:1 

n*  charge  in  the  debris  was  sgain  established  using  a  Faraday  cup,  and  for  the  bulk  of  the  testa 
various  sensors  were  mounted  in  the  tube  to  investigate  ths  signal  characteristics  (Section  2.2.2) 


2.2.1  Scaling  effects 

The  programme  of  work  investigated  the  same  parameters  as  covered  on  the  small  tube  rig,  and  used 
the  same  powder  types.  The  important  reeults  were: 
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(1)  Tha  mainituda  of  charsa  on  tba  dabria  waa  gr^tter  chan  in  cha  amall  Cuba  rig. 

(ii)  nia  Incraaaa  of  valoclty  producad  an  incraaaa  of  apacific  etaarga  (charga/naaa  ratio)  for  each 
dabria  typa.  Thia  corralacaa  with  cha  trend  eatabllahad  in  cha  small  tuba  rig  vdiare  cha  air 
valoclty  could  ba  varied. 

(ill)  nia  varlaclon  in  apacific  charge  for  cha  different  material  types  and  particle  sizes  followed  the 
same  trends  as  choaa  shown  previously. 

(Iv)  The  non-dimanaional  analysis  producad  a  consistent  set  of  reaxilcs,  vdiich  tied  up  with  the  small 
rig  teats «  showing  that  tha  effects  could  be  scaled. 


2.2.2  Preliminary  sensor  sssessment 

For  the  bulk  of  tha  above  tests  sensors  were  positioned  in  tha  tube  so  that  the  sigaals  produced  by 
tha  charged  debris  could  be  correlated  with  tha  charge  measured  in  the  Faraday  cup,  and  tha  sensor 
performance  assessed.  Tha  sensor  output  was  conditioned  to  produce  a  voltage  proportional  to  rate  of 
change  of  charge.  This  work  was  crucial  to  providing  s  suitsbls  means  ot  detecting  the  debris  outside  the 
laboratory  sit\ution.  Several  sensor  configurations  wars  tasted.  Including  s  full  ring  and  rod  typa 
sensors.  Tha  most  successful  configuration  was  a  ring  sensor,  and  tha  capability  of  this  was  enhanced  by 
separating  the  full  ring  into  segments.  The  overall  conclusions  showed  that: 

(i)  All  of  the  sensors  ware  sensitive  to  charged  powder  paesing  by  them. 

(ii)  Tha  full  ring  gave  the  best  signal  to  noiss  performance,  with  additional,  positional  information 
being  provided  whan  tha  sensor  was  segmented. 
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(ill)  Thft  ai^litiidc  of  tho  Muured  ilciul  variod  with  tha  aan*  paraoMtars  ahown  to  ba  iiq>ortanc  la  cha 
praliolnary  work. 

(iv)  Varloua  paraiaacars  affaetad  tha  aanaor  parformanca,  including  Ita  physical  aiaa  and  alactrical 
propartias . 

tha  work  also  sbowad  that  tha  signal  charactaristics  variad  with  diffarant  sansor  dasigns. 

In  ordar  to  oaxlsdsa  tha  uaa  of  information  about  tha  dabris  from  tha  signal  charactaristics  a 
sansor  design  had  to  ba  identified  ao  that  asaaasmant  and  understanding  of  signals  had  a  conson  base. 
Additionally  work  had  to  ba  carried  out  to  trsnalata  tha  design  infomatlon  into  sensors  which  could  ba 
fitted  on  anginas. 

Tha  sansor  and  signal  conditioning  electronics  development  work  is  outlined  in  Section  4. 


2.3  Furthar  axparisMntal  tests 


2.3.1  Ganarsi  work 

Tha  objectives  of  this  work  ware  to  ia^rove  the  understanding  of  the  physics  of  the  mechanisms  and 
to  relate  this  to  tha  signals  which  are  likely  to  be  produced  by  a  distress  in  tha  angina.  All  tha 
experimental  work  was  carried  out  tislng  ring  sensors  to  monitor  tha  aignala.  In  soma  caaae  tha  Faraday 
cup  was  also  used  to  collect  the  debris  to  corroborate  tha  probe  results.  The  output  signal  from  tha 
alactronies  is  in  volts.  This  is  directly  related  to  tha  rate  of  change  of  charge,  dQ/dt  measured  by  tha 
sensor. 

In  previous  experimental  work  various  parameters  were  identified  as  being  important  in  tha  charging 
mechanism. 


These  were: 

(i)  Material  type 

(ii)  Particle  size 

(ill)  Distance  travelled  by  tha  debris 

(iv)  Obstacles 

(v)  Velocity 

The  effect  of  these  parameters  has  been  assessed  on  the  sensor  signal  as  wall  as: 

(Vi)  Variation  in  tubs/duct  cross*-8action 

(vil)  Foreign  object  type  materisls 

(8)  The  tschniquss  for  Injsctlng  ths  debris  into  the  rig  have  all  produced  charged  debris.  It  appasrs 
to  ba  ths  macro  effects,  such  ss  aoaentum  change,  material  type  etc  which  are  Important. 

(b)  The  matsrisl  type  and  particle  size  and  shape  play  an  important  role  in  tha  signal  charactaristics. 
Fine  dabris  tends  to  travel  with  the  sirstream  in  a  cloud,  and  larger  flakes  and  particles  becosw 
more  dispersed  because  of  the  serodynsmic  effects  on  the  individual  particles .  The  shape  of  the 
particles  effects  the  dispersion  pattern  and  signal  characteristic. 

(c)  Insulating  type  materisls  tend  to  produce  subtly  hi^er  asplltude  signals  than  the  metal  debris, 
there  does  not  appear  to  be  a  consistent  pattern  of,  for  example,  negative  first  signals  from 
Insulating  materisls  and  positive  leading  edge  signals  from  metal  debris. 

(d)  Contact  between  the  debris  and  various  obstacles  appears  to  produce  a  transfer  of  charge.  Other 

parameters  vdiich  affect  the  charge  are  also  active  in  the  engine,  so  that  the  debris  is  likely  to 
retain  its  charge  during  its  passage  through  the  engine. 

(e)  An  increase  in  the  duct  cross'’8ectionsl  ares  affects  the  signal  amplitude,  became  more  axial 
dispersion  of  ths  debris  is  possible  and  the  amplitude  is  proportional  to  l/ir  vdiere  d  is  the 
distance  between  the  debris  and  the  sensor.  This  can  be  overcome  by  suitable  sensor  design  and 
positioning. 


2.3.2  Single  particle  inveatigations 

Previous  work  indicated  chat  ths  signal  produced  by  various  debris  types  was  affected  by  the 
dispersion  pattern  of  the  particles  and  therefore  by  the  shape  and  size  of  the  particles  within  ths  debris 
cloud. 


The  following  work  was  undertaken  to  explore  this  variation  in  a  controlled  way,  first  by  using 
single  particles  of  various  shapes  and  surface  areas,  sod  then  by  examining  the  signal  from  clouda  of  tha 
single  particles.  The  affects  on  the  slgnel  of  the  surface  ares,  zhapa,  etc  can  thus  be  separated  from 
effects  due  to  particle/particle  interaction. 

This  waa  carried  out  in  tandem  with  computer  modelling  of  the  sensor  performance  and  signal. 
During  ths  single  particle  experimental  work  it  becMe  evident  that  direct  measuresMnts  of  the  charge, 
rather  that  rate  of  change  of  charge  wma  a  more  satiafactory  and  sanaltive  technique.  The  bulk  of  the 
modelling  work  was  concentrated  on  this  approach  and  was  compared  with  the  experimental  results. 


* 
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Varioua  shapM  of  oinglo  partlelo  produced  froa  c  staadard  piaca  of  load  abot.  lhaaa 
tharafora  had  approocLaataly  tha  aaaa  voltaM  but  diffarant  aurfaea  araaa.  In  addition  thraa  othar  aiaaa  of 
apharieal  load  abot  «Mra  uaad  to  provida  dabrla  of  tba  aana  ahapa  but  with  diffarant  voliaaa  and  aurfaea 

araaa. 

A  taat  duet  (150  m  dia)  waa  produced  with  full  rinx  aanaora  at  four  axial  locationa.  lha  dabrla 
waa  prachargad  before  being  Introduead  into  tha  taat  tuba  uaing  gravity  feed.  Tha  radial  poaition  of  tha 
dabrla  waa  carefully  controlled  at  introduction  to  tba  tuba,  and  waa  nonitorad  after  paaaaga  tbrou^  tha 
tuba  ao  that  ita  radial  dlatanea  fron  tba  aanaora  waa  known. 

Ihia  work  ahowad  that  tba  aiaa  of  tha  charge  on  aingla  partielaa  of  dabrla  ia  related  to  tha 
aurfaea  area.  Tharafora  in  a  diatraaa  «diieh  producaa  dabrla  of  varying  aiaaa,  tha  larger  piacaa  %iill 
carry  a  larger  charge.  Tha  larger  piacaa  are  likely  to  travel  alowar  than  tba  aaall  piacaa,  tharafora 
within  a  cloud  of  partielaa  tha  largaat  charge  nay  occur  at  tha  rear.  Tha  larger  partielaa  are  alao  aora 
likely  to  inpaet  with  tha  turbonachinary. 

Tha  variation  In  ahapa  of  tha  dabrla  doaa  not  affect  tha  signal  charaetarlatic  bacauaa  tha  aanaor 
•anaaa  tha  aquipotantial  lines  sat  by  tha  charge  on  tha  dabrla.  Any  variation  in  thaaa  due  to  tha 
ahapa  la  vary  local  to  tha  debris  and  ia  tharafora  undetected. 

Proa  thaaa  results  it  nay  be  inferred  that  tha  charaetariatic  aignaturaa  produced  in  previous  work 
ware  due  to  the  diffarant  dispersion  patterns  of  tha  particles  of  debris  %Hthin  tha  cloud. 

This  work  also  corroborated  tha  results  froa  tha  sensor  nodalling,  showing  tha  affect  of  velocity 
on  tha  pulse  signal,  and  the  variation  in  tha  charge  signal  caused  by  tha  distance  of  tha  debris  froa  the 
probe. 


2.3.3  Multiple  pMTtlcle  iavestig^tioos 

Tliia  formed  a  logical  extension  to  tha  single  particle  work  tdiere  the  signal  characteristics 
produced  by  single  piacaa  of  debris  were  invastigatad  uaing  controlled  axperiaants.  The  work  was 
undertaken  to  explore  the  way  the  signal  waa  affected  by  clouds  of  debris. 

One  shape  of  debris  waa  uaad,  a  spherical  piece  of  lead  shot  corresponding  to  debris  type  1  of  the 
single  particle  work. 

Each  piece  of  debris  was  precharged  to  the  same  level  by  applying  a  voltage  across  each  vacuum 
dropper  pipe. 

Pieces  of  debris  were  introduced  into  the  tube  at  various  radial  locationa  from  tha  aasw  horizontal 
plana,  and  with  various  vertical  separation  distances.  For  each  taat  tha  signals  from  particles  for  each 
dropper  position  ware  oonitored  separately  and  then  aimultanaoualy. 

Particle  to  particle  collisions  ware  not  simulated  in  these  experiments.  Any  interaction  between 
the  separate  charges  and  equipotential  lines  of  tha  particles  will  be  indicated  by  these  testa. 

Tha  multiple  particle  work  sho%fad  that  tha  signal  produced  by  s  cloud  of  debris  la  the  addition  of 
tba  signals  from  each  particle,  up  to  the  particle  concentration  tested.  The  sigxial  characteristic  is 
tharafora  dependent  on  tha  dispersion  and  size  of  the  particles  within  tha  cloud. 


2. 3. A  Origin  of  chsrge 

Previous  e^erlmantal  work  has  shown  that  various  naebanisms  affect  tha  charge  on  the  aatallic 

debris . 

Boifevar  the  work  doaa  not  indicate  vAatlter  tba  debris  is  charged  by  the  action  of  the  distress  or 
in  subsequent  passage  through  tha  engine.  It  is  also  not  evident  whether  any  of  tha  mechanisms  are 
dominant  and  therefore  altar  any  previous  charge  on  the  debris. 

Some  work  has  bean  undertaken  to  Investigate  tha  charging  mechanisms  in  a  controlled  way.  The 
single  particle  approach  was  uaad  to  try  to  separata  individual  charging  effects  into  covenant  blocks. 
Whan  each  of  the  oechaniama  has  been  considered  it  should  be  possible  to  reconstruct  tha  blocks  to  give  a 
picture  of  a  realistic  distress. 


I 


Effects  of  impact  I 

When  two  disaijallar  metals  are  brought  Into  contact,  tha  energy  levela  of  the  elactrone  in  the  two 
metals  will  not  in  general  be  tha  aaoe.  Conaequently  electrons  will  flow  froa  the  metal  with  tha  hl^r 
energy  levels  (is  smaller  work  function  #)  to  that  with  the  lower  energy  levels.  Once  the  energy  levels 
are  equal  sn  equilibrium  will  be  established  and  no  further  flow  wl^l  occur.  The  flow  of  electrons 
results  in  s  potential  difference  at  the  junction  of  the  two  metals,  this  is  kno%m  as  the  contact 
potential . 

The  net  negative  charge  in  the  one  metal  and  the  corresponding  positive  charge  in  the  other  will  be 
confined  to  a  very  narrow  surface  layer  at  points  of  microscopic  contact  between  the  two  metals.  Sines  sn 
squillbrixa  has  now  been  established  the  chMges  will  rioain  in  place  vbmi  the  metals  are  separated. 


The  time  constant  of  the  electron  flow  involved  in  this  process  is  very  small,  hence  it  should  be 
possible  for  it  to  occur  during  a  collision  between  two  metals.  To  test  this  possibility  steel  bell 
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bcarlnfs  and  laad  abot  wara  daflactad  off  aatal  targata  and  tba  charga  on  tha  projaetila  waa  naaaurad 
bafora  and  aftar  lapaet. 

Tha  projactllaa  wara  bald  auapaodad  by  a  atainlaaa  ataal  vacuum  plpa  and  chan  ralaaaad  by  vanting 
tha  pipa  to  atmoapharlc  praaaura.  both  tha  vacuum  pipa  and  tha  targat  could  ba  aarthad  or  praehargad  aa 
raquirad. 

It  vma  found  that  tha  charga  bafora  impact  waa  largely  datarminad  by  tha  pracharga  on  tha  vacuum 
pipa.  Hbwavar  thara  waa  atlll  a  amall  charga  praaant  on  tha  projaetila  avan  if  tha  pipa  waa  aarthad. 

If  tha  target  waa  aarthad  tha  charga  aftar  impact  waa  alwajra  tha  aama  for  tha  aaaa  projaetila 
ragardlaaa  of  tha  pracharga  ^pliad  to  tha  vacuum  pipa.  Tha  aiza  and  tha  polarity  of  thla  aignal  varied 
aa  different  targat  matala  wara  uaad.  In  addition  tha  amplitude  of  thia  raaidual  charga  aignal  incraaaad 
aa  larger  projaetilaa  of  tha  aaaM  material  wara  uaad.  Thia  waa  due  to  tha  ineraaaa  in  contact  area.  If 
tha  targat  waa  praehargad  tha  raaidual  aignal  could  ba  altered  according  to  tha  pracharga  uaad. 

Ihaaa  raaulta  aupport  tha  theory  that  tha  contact  potential  will  produce  charged  metallic  debris 
and  that  this  machaniam  vtnlika  thermionic  emiaaion  will  work  at  low  temperatures. 


Site  of  particles  undergoing  collisiona  with  turbine  bladeat 

The  gaa  flow  through  a  ttirbine  is  aasantlally  streamline.  Consequently  collisions  with  gas 
molecules  will  ensure  that  small  particles  are  carried  along  with  the  flow.  However,  this  will  not  be  the 
case  for  large  particles  because  of  their  much  greater  inertia  and  they  will  tend  to  collide  with  the 
turbine  blades.  Simple  kinetic  theory  calculations  using  typical  gas  txxrbine  parameters  suggest  that  the 
change  from  amall  to  large  particles  tends  to  occur  at  around  10  urn  diameter.  More  detailed  calculations 
by  Tabskoff  and  Hamad  (Rafaranca  1)  euggast  that  one  third  of  15  urn  diameter  fly  aah  particles  will 
collide  with  blades  in  the  first  nosrle  but  almost  all  collide  with  subaequant  blade  rows.  Thia  occurs 
because  tha  partlclaa  just  manage  to  get  throu^  the  first  nozzle  but  are  then  in  an  unfavourable  position 
for  getting  through  the  next  blade  row.  It  seema  likely  that  even  particles  amaller  than  10  urn  diameter 
are  likely  to  collide  with  turbine  blades.  The  reason  for  thia  is  that  the  particles,  although  small, 
are  still  much  more  massive  than  the  gas  molecules.  Thus  only  if  the  particles  are  eomperable  in  size  to 
the  gas  molecxLlea  could  one  be  confident  that  a  reasonable  proportion  would  travel  through  the  turbine 
without  collisions. 


Effects  of  frlcciont 

The  effects  of  friction  on  charge  generation  and  charge  exchange  dtiring  particle  to  particle 
collisiona  were  investigated  using  the  single  particle  approach  in  experimental  rigs. 

Charging  due  to  friction  and  colllsiotui  is  related  to  differences  in  work  function  between  the 
materials  and  the  microscopic  surface  areas  in  contact. 

Charge  redistribution  occurs  iidien  two  metallic  objects  collide.  The  charge  is  proportional  to  the 
diameter  of  the  objects  as  surfscs  charge  density  dspends  on  ths  curvsturs. 


2.3.5  BIsde  rub  siffluistion  tests 

All  of  the  previous  items  of  research  work  helped  to  extend  the  knowledge  base  and  understanding  of 
the  physics  involved  In  the  principle  of  the  electrostatic  monitoring  technique. 

The  rub  simulation  tests  in  the  laboratory  provided  an  opportunity  to  use  the  knowledge  to 
understand  what  occurs  when  a  blade  rube,  in  terns  of  the  likely  production  of  charged  debris,  and  also  to 
assess  how  the  charge  on  the  debris  could  be  modified  during  passage  through  the  engine. 

The  principle  elm  of  the  rub  simulation  work  was  to  discover  \dtether  charged  debris  is  produced  in 
a  rubbing  situation  for  a  range  of  materials,  which  parameters  affect  the  detectable  charge,  tdxat 
mechaniams  are  involved  and  how  applicable  the  findings  are  to  a  real  engine. 

Metallic  rub  situations  produce  charged  ^bria  easily  detectable  by  the  charge  monitoring  system. 
The  li^rtant  peremetars  vrtiich  affect  the  measurable  charge  are: 

(1)  Rub  pressure;  greeter  rub  preeeure  producee  more  debris  resulting  in  a  larger  detectable  charge. 
Charge  per  unit  debris  appears  to  remain  approximately  constant. 

The  Bwcsurable  charge  increasee  with  velocity,  assantially  as  a  conseqxienca  of  greater  debris 
production. 

(ill)  Tios  between  mbs;  rubs  occurring  at  a  hi^  frequency  causa  considerable  heat  generation, 
resulting  In  greater  debris  production  end  hi^ier  detectable  charge. 

If  the  temperature  in  a  particular  area  increases  steadily  over  e  period  of  tlOM,  the  type  of 
debris  produced  may  change  affecting  the  charge  measured.  The  local  heating  weaken  the  materials 
and  greater  amounts  of  debris  are  produced  due  to  the  wear  mechaniMs. 

(iv)  Haterisls:  the  sign  and  aagnltude  of  tha  charge  on  the  debris  will  dapend  on  tha  matariala 
concamed.  Predicting  the  results  theoretically  ia  difficult,  bat  simpla  laboratory  taats  on 
matarial  combinations  could  give  a  reliable  eatlmmte  of  ^Aat  may  h^pen  in  an  angina. 
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Tliw«  paraMt^rt  all  appaar  to  affaot  tha  ehaxfa  tn  a  way  that  would  favour  tha  production  of 
hii^y  charfad  dabria  in  an  angina  blada  rub.  If  a  datailad  knowladga  of  tha  charga  for  a  givan 
blada  mb  waa  raquirad  aoM  aiJ^la  taata  with  tha  eorraet  natariala  would  allow  a  raaaonabla 

aatiaata  of  tha  raal  caaa  to  ba  aada. 


2.4  Currant  raaaarch  work 

kaaaareh  work  now  eantraa  around  tha  uaa  of  a  aaall  gaa  turbina.  Iha  work  iavolvaa  invaatigation 
of  various  af facta  and  signal  charaetariatica,  without  doing  aaadad  fault  trials.  This  ia  backad  up, 
vdiara  nacaaaary,  with  laboratory  tasting  and  co^utar  nodalling  work. 

Tha  angina  la  also  a  prlna  tasting  and  davalopaant  rig  for  sansora. 


2.4.1  lapscts  on  rotMting  nschinery 

Previous  azparinantal  work  showed  that  l^acta  can  significantly  altar  tha  charge  carried  by  tha 
debris.  Other  work  auggasta  that  tha  bulk  of  dabria  particles  are  likely  to  iapact  with  rotating 
nschinery. 

Testa  have  bean  nada  on  tha  angina  to  invaaclgata  this  affect  using  various  natariala. 

Froo  tha  results  tha  behaviour  of  tha  natariala  can  ba  broadly  split  into  two  classes,  by  their 
conducting  propartlaa.  Metallic  powders  ^diich  are  good  conductors  behave  acre  consistently  than 
non-’natallic  natariala,  which  are  generally  insulators.  Sana  overlap  does  occur. 

All  tha  natslllc  materials  tasted  shotMd  an  increase  in  charge  after  inpact  with  the  turbine,  with 
consistency  being  shown  in  the  polarity  of  tha  signals.  This  corresponds  with  the  work  functions  of  tha 
materials  used. 

Iha  noft'-aatallic  naterlals  tasted  produced  less  consistent  results,  and  gave  both  positive  and 
negative  signals.  However  broadly  speaking  tha  results  follow  the  trend  predicted  by  considering  the  work 
function. 

In  suoBiary,  all  the  naterlals  tested,  except  two,  becane  taore  detectable  after  impacting  with  the 
turbine. 


2.4.2  Contsninstion  of  the  gas  path  by  liquid 

The  gaa  flow  could  potentially  have  two  liquids  present  in  itt 

(i)  Water,  this  is  unlikely  to  affect  tha  hot  end. 

(il)  Oil  contamination  may  occur  if  seals  fail. 


FIQOU  4  t  Ring  probes  noimtad  in  aidisust  cone 
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9aam  work  hM  bom  eorriod  out  to  ootobliok  whothor  oil  i«  docoet^lo  u»in(  thio  tochoiquo.  Iho 
rooulto  ladlcoto  thot  thio  ohould  bo  poooiblo. 

This  Ittforaotioo  cm  bo  uood  to  onhmco  tho  uadorotandiat  of  data  froa  angina  taata,  and  to  aid  tha 
aignal  analyaia. 

To  data  tho  raaulta  havo  boon  uaad  in  two  wayat 
(1)  To  anhanco  and  provido  axplanatlona  of  angina  data. 

(li)  With  an  invoatigation  into  dabria  producing  faulta  within  a  Jat  angina,  to  aaaaaa  how  tha  affocta 
may  affact  tha  charga  on  dabria  produced  by  varioua  faulta  aa  it  paaaaa  throtigh  tha  angina. 

Tha  thooratical  aaaaaanant  of  angina  faulta  uaing  tha  axpariaantal  ^ta  ahowod  good  corroboration 
with  angina  taat  data. 


1.0  tmm  TESTIMS 

Tha  roaaarch  work  provided  confidanca  in  tha  principlaa  of  tha  tachniqua,  but  tha  acid  taat  of  any 
potential  condition  oonitoring  ayatm  ia  %duthar  it  worka  in  an  angina,  and  udiathar  tha  angina  operating 
anvironmant  affocta  tha  tachniqua  to  oaka  it  inoparabla.  To  data  tha  tachniqua  haa  bean  taatad  on  aavaral 
different  anginaa,  in  different  anvironaanta . 


3.1  Saadad  fault  trial 

During  tha  firat  two  year  prograom  of  tha  raaaarch  work  tha  unexpected  bonua  of  a  piggy^back  ride 
on  a  Viper  engine  taat  waa  offered  by  Rolla  Royce  pic  and  MOD.  Ihia  provided  a  prime  opportunity  to  taat 
tha  tachMqua  aa  a  known  fault  waa  aaadad  into  tha  angina  after  a  datum  taat. 

Baaed  on  tha  experimental  work  SRL  daaignad  and  built  alactroatatic  aenaora  to  fit  into  tha  jet 
pipe  (Figure  4).  Thaaa  were  mounted  in  tha  angina,  together  with  four  other  typaa  of  equipment,  to  try  to 
detect  tha  fault. 


3.1.1  Datum  test 

Tha  angina  waa  firat  run  in  atandard  form  to  give  a  *datum*  record  for  tha  four  detection  methoda, 
there  being  a  single  ahot  of  Mabria*  injected  into  the  air  intake.  Thia  waa  primarily  to  aaaaaa  typical 
signal  levels  on  tha  Stewart  Hughes  alactroatatic  probaa,  caused  by  metallic  debris  in  tha  gaa  stream,  aa 
tha  equipment  had  not  previously  been  taatad  in  a  real  angina.  Tha  debris  injected  into  the  engine  waa 
Inconel  pother,  the  aama  aa  that  used  in  tha  SHL  experimental  rigs. 


Ring 

Segment  I 


Tacho 

Ring 

Segment  2 


FKKJRE  5  X  Viper  taat  data  run 


The  background  signal  level  (Figure  5)  waa  about  40bV  pk-pk  at  idle.  Aa  tha  engine  accelerated  tha 
signal  level  increased  gradually  to  about  SSX  speed  and  than  increased  more  rapidly  to  about  200dV  at  104X 
speed.  The  signal  was  approximately  the  same  level  on  all  four  segments. 

Figure  6  shows  the  signal  produced  by  the  Ingested  debris  on  two  of  the  segments.  It  ia  clearly 
distinguishable  above  the  background  level  and  gave  the  first  indication  that  the  sensors  could  monitor 
electrostatically  charged  debris  in  the  engine.  It  was  particularly  at^ouraging  because  tha  injected 
powder  had  travelled  right  throu^  the  engine  and  in  particular  the  combustion  chamber,  and  still  carried 
a  significant  alactroatatic  charge. 
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POWDER  INGESTION  TEST  AT  80%  RPM.RING  SEC  1 


Ring  SegMnc  1 


3.1.2  Blade  rub  test 

The  engine  wee  stripped  and  rebuilt  with  a 
^Aulty  blade  in  the  fourth  stafe  coopresaor  rotor. 
The  tans  root  of  the  blade  was  partially  cut  throufh 
to  try  to  slttilate  the  effects  of  cracking.  It  was 
hoped  that  the  blade  was  sufficiently  *faulcy*  to 
cause  it  to  lean  and  produce  a  tip  rub  at  soae  stage 
of  the  engine  acceleration.  The  root  was  not 
coeipletely  cut  through  as  this  could  cause  loss  of  the 
blade  froa  the  disc. 

The  test  prograane  consisted  of  slow 
acceleration  and  deceleration  cycles . 

After  the  teat  the  engine  was  stripped  to 
detemine  whether  the  blade  had  rubbed  and  to  assess 
the  amount  of  damage. 


POWDER  INGESTION  TEST  AT  80%  RPH.RINC  SEC  2 


PICrOBE  6  i  Debris  ingestion  signal 


The  signal  produced  on  two  of  the  segments  is 
shown  in  Figure  7. 

The  signal  level  at  engine  idle  was 

approximately  60aV. 

As  the  engine  was  accelerated  this  level 
increased  gradually  reaching  about  120mV  at  8SX  speed, 
and  i60mV  at  93X  speed.  As  the  engine  accelerated 
further  the  level  increased  and  at  about  97X  rpm  the 
signal  was  seen  suddenly  to  approximately  double  in 
amplitude.  As  speed  was  increased  to  104X,  the 
signal  amplitude  increased  to  about  1  volt.  This 
level  fluctuated  slightly  tdiile  the  engine  remained  at 
104X  rpm,  decreased  a  small  amount  as  the  decel 
regime  commenced  and  then  reduced  aharply  at  about  96X 
speed,  gradually  reducing  to  a  background  level 
similar  to  the  accel  case  at  90X  rpm.  This  pattern 
repeated  vdien  second  and  third  accel/decel  cycles  were 
carried  out  althotigh  the  rnita  ptak  to  peak 

amplitude  was  slightly  leas  than  for  the  first 
accel/decel. 


It  should  be  noted  that: 


The  general  signal  level  on  the  blade  rub  test  is  higher  throughout  the  cycle,  eg  at  40X  rpm  it  is  60mV  on 
the  blade  rub  test  compared  to  AQmV  on  the  datum  test,  and  at  93X  rpm  is  160mV  pk'^pk  on  the  rub  test 
compared  to  120mV  pk'yk  during  the  datum  run.  Bowever  the  rate  of  change  of  signal  level  between  these 
two  speeds  on  both  the  datum  and  rub  teats  is  about  the  same,  being  a  factor  of  3  on  the  datum  test  and 
2.7  on  the  rub  test. 


It  can  be  seen  that  the  rate  of  change  of  signal  level  between  about  97X  and  104X  speed  on  the  rub  test  is 
much  larger  than  on  the  datum  test. 


Engine  Speed  X 

25% 

40X 

B5X 

93X 

104X 

Datum  Test 

Signal  level  mV 

30 

40 

70 

120 

200 

(Slxnal  at  soeed  ) 
(Signal  at  40X  rpm) 

- 

1 

1.7S 

3.0 

5.0 

Rub  Test 

Signal  level  mV 

40 

60 

120 

160 

1000 

(Sicial  at  soeed  ) 
(Signal  at  40X  rpm) 

1 

2 

2.67 

16.7 

The  engine  was  stripped  to  determine  whether  the  blade  had  rubbed.  Figures  8  and  9  show  the  blade  and  a 
half'^casing.  The  touch  mark  on  the  half '-casing  was  mirrored  on  the  other  half  6f  the  casing. 


3.1.3  SuBBisry 

The  Viper  engine  compressor  blade  rub  test  provided  the  prism  opportunity  to  validate  and  confirm 
the  results  from  the  two  year  research  prograasm. 
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FIGURE  7  i  Vipar  taat  with  aaadad  blada  rub  -  ring  proba  aigiuXa 


Tha  taat  ahowad  conclualvaly  tha  potential  of  the  technique  aa  a  gaa  path  diatraaa  monitor,  with 
the  added  bonua  that  it  waa  the  only  one  of  four  raal-^tiae  monitoring  tachniquaa  which  detected  tha 
mb. 


2  Signal  analyaia  ahowad  that  varioua  parametara  including  aa^littide  of  tha  aignal  changed  tdien  tha 
blada  rub  occurred. 

3  Coo^ariaon  of  experimental  rig  raaulta  and  angina  taat  data  ahowa  good  corroboration. 

4  Tha  daalgn  and  development  work  on  tha  aanaora  in  tha  axparlmantal  rig  formed  tha  capability  to 
manufacture  rugged  aanaora  in  a  short  time  «diich  required  only  minimum  modifications  to  tha  angina 
casing. 

5  Areas  of  improvement  ware  identified  for  tha  aanaora  and  aignal  conditioning. 


3.2  Other  engine  testa 

Ihe  technique  has  been  tested  on  varioua  engine  installationa.  Including  Marina  Tyne  and  Spay,  a 
helicopter  engine  and  a  coad)uator  development  rig.  None  of  theae  engine  testa  included  seeded  fault 
^  trials  although  methods  of  checking  the  functionality  of  the  equipment  were  incorporated  into  each  teat. 

Each  of  the  testa  provided  information  about  varioua  different  aspects  of  tha  technique,  for 
example,  In  tha  Marina  angina  application  aanaora  ware  positioned  in  tha  large  rectangular  uptake.  Taata 
were  carried  out  in  tha  teat  houae,  to  aaseaa  tha  functionality  of  tha  aanaora  in  such  a  large  duct,  and 
to  identify  and  charactariaa  tha  engine  background  aignal.  The  system  has  since  bean  tested  on  a  Tyne 
installed  in  a  ship  to  classify  tha  an/lronment  to  be  axpariancad  by  tha  sensors  and  alactronica,  in 
terms  of  both  tha  ambient  conditions  and  tha  electrical  and  interfaranca  af facta. 


4.0  HAIXMASZ  OSVSLOPHDfT 

This  ia  a  cmclal  area  to  addraaa  bacauaa  of  tha  environmental  and  reliability  raquiramanta  that 
aqui|want  haa  to  meat. 


4.1  Sensors 

Initial  tasting  waa  carried  out  in  tha  laboratory  to  aaaaaa  varioua  aanaor  configurations  and  tha 
parfonunce  charactarittica  of  tha  aanaors . 

This  than  had  to  ba  axtendad  to  maka  tha  aanaora  suitabla  for  an  uigina  environment. 

The  multi'segment  ring  (patented)  gave  the  beat  reaults  in  the  laboratory  and  thia  configuration 
wee  used  in  the  Viper  engine  teet.  The  sensor  stood  up  well  to  the  engine  teat  and  proved  to  ba  rugged 
and  reliable,  althou^  varioua  areas  for  li^rovMent  wart  Identified.  Thia  configuration  of  sensor,  with 
iivroved  materials,  fixings  and  signal  laadout  connactiona  haa  been  used  in  the  Narine  engine  trials. 

In  the  devel^ment  of  aenaora  several  fmcton  have  to  be  considered  t 

(1)  They  may  have  to  be  nonHntruaive. 

(li)  The  meterlela  should  be  suitable  for  the  environment. 

(ill)  They  should  be  easy  to  fit  or  retrofit  with  rtnimtai  modif icstiona . 

(Iv)  The  eeneitlvlty  alumld  enable  coverage  of  the  >dkole  duct. 
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The  acosor  davalppaant  haa  baan  an  accli^  part  of  tha  work  for  tha  paat  two  yaara.  with  varying 
dagraaa  of  auecaaa  and  fallura.  Tha  PaXouata  la  now  uaad  for  aanaor  davalopaant  and  taatlnCr  and 
coivariaon  la  aada  with  tha  aalatiac  aanaora  to  anabXa  aaaaaaaant. 

Tha  ai^aal  conditioolnc  tachniqua  uaad  In  tha  aarly  raaaarch  work  and  angina  taata  baaicalXy 
Baaaxtrad  rata  of  changa  of  charga»  with  tha  capability  of  infarring  total  eharga  from  thia  oaaauranant . 

BOwavar,  a  aora  aatiafactory  and  sanaitiva  tachniqua,  which  la  now  uaad,  ia  to  maaaura  tha  eharga 
diractly.  (Patanta  appllad  for). 


4 . 3  Currant  ayatan 

Tha  ayataa  ia  tailorad  to  tha  application  in  tarma  of  hardwara  inatallation,  and  analyais 
raqulraflMnta . 

lhara  are  currantly  tvo  typaa  of  aanaor  configuration  available  for  tha  angina  application: 

(1)  Hulti-aagnant  *ring*  tAieh  ia  notmtad  in  tha  aidiauat  duct  or  tail  pipa,  with  aach  aagmant  in  tha 
aaoa  axial  plana.  Savaral  of  thaaa  *ringa*  nay  ba  uaad  in  tha  duct  to  provide  additional 
information . 

(ii)  Individual  'button*  typa  aanaora  (patanta  pending)  \diich  are  uaad  in  diacrata  mounting  pointa  in 
tha  angina,  uaing  inatrumantation  typa  boaaaa,  or  other  axiating  porta  vdiich  may  ba  available  in 
tha  angix.a. 

Tha  aignal  conditioning  may  ba  mounted  diractly  on  tha  back  of  tha  aanaor  if  the  environment  is 
suitable,  or  a  short  distance  away. 

Tha  aignal  analysis  has  tha  primary  aim  of  identifying  tha  signal  change  from  tha  backgrotind  level 
and  to  dlscriiBlnata  between  tha  possible  causes  identified  in  Section  1.0. 

With  suitable  sensor  positioning  it  ia  currantly  feasible  to  discriminate  tha  fa\ilts  further. 

Further  details  can  ba  obtained  from  Stewart  Hughes  Lisiitad,  Southaaipton  DK. 


S.O  OTRBR  AFPLlCkTXOKS  -  IN(38TKD  DSBKIS  HOKITORINS 

The  potential  of  the  use  of  the  electrostatic  technique  to  monitor  gas  path  faults  in  gas 
turbina/Jet  engines  haa  been  demonstrated  on  a  variety  of  engines.  This  has  been  achieved  by  monitoring 
the  exhaust  gas.  The  use  of  the  technique  to  monitor  debris  and  foreign  objects  ingested  into  the  intake 
of  the  engine  is  a  potential  application,  which  is  currently  being  developed  (patents  pending).  Thia 
could  have  several  uses: 

(i)  Indication  that  the  engine  has  ingestad  a  foreign  object,  to  initiate  a  visual  inspection. 

(ii)  Indication  of  oparating  situations  most  likely  to  cause  FOD,  by  correlating  tha  detactor  system 
aignal  with  operating  condition  recording. 

(ill)  Indication  that  tha  engine  is  ingesting  significant  quantities  of  sand  or  salt,  so  that  overall 
condition  and  engine  parformanca  ia  qionitorad  more  closely. 


5.1  Currmot  work 

Tha  development  work  incorporates  two  test  prograames. 

A  small  gas  turbine  teat  angina  ia  being  uaad  for  tha  davalopmant  work,  to  optlmiaa  the  system 
configuration  and  signal  procasaing  raqulreaMnts  and  to  daflna  the  capability  of  tha  systun. 

Aircraft  trials  art  also  being  undertaken  to  prove  tha  system  in  tha  real  environment. 


5.2  fUrdwmra 

Sensors  are  poaitlonad  in  tha  intake  of  tha  angina,  and  also  ideally  In  the  angina.  The  sensor 
configuration  for  tha  intake  la  a  ring,  which  may  be  a  single  coo^lata  ring  or  aagmantad.  lha  materials 
are  suitable  for  the  application  and  intake  environstent . 

The  associated  aignal  conditioning  may  ba  mounted  diractly  on  tha  back  of  tha  sensor  or  a  short 
distance  away. 

Figure  10  shows  tha  achamatlc  of  a  total  syatam. 


6.0  FUTOU  HOIK  AMD  OBJKCTXVBS 
(1)  Gma  path  dmbria  ■ooltorlng 

It  la  anticipated  that  it  should  ba  possible  to  identify  the  fault  to  module  level. 
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ALARM  INDICATOR  AND 
RECORDER  TRIGGER 


PIGURS  10  :  Genaral  layout  of  POD  detector 


The  work  bein^  carried  out  involvea  seeded  fault  trials  on  a  small  gas  turbine,  accruing  of  engine 
test  data  from  a  variety  of  engines,  hardware  and  software  development.  This  will  all  be  coupled 
with  backi^  research  work  to  ensure  that  the  technique  is  used  to  its  maximum  potential. 

(ii)  Integrated  hot  and  cold  end  monitoring 

This  offers  many  advantages  for  various  applications,  including  possibly  identification  of  v^ere 
the  ingested  debris  exits  the  engine. 

(lii)  Integration  of  debris  monitoring  with  other  monitoring  techniques 

A  systematic  approach  to  designing  a  cwidition  monitoring  system  is  based  around  corroboration  of 
data  from  various  monitoring  techniques.  This  approach  improves  the  discrimination  of  faults, 
reduces  false  alarm  rates  and  enables  long  term  prediction  to  be  carried  out . 
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DISCUSSION 

C.  SPRUNG 

Quelle  est  la  sensibility  de  votre  systyae,  c-a-d  quelles  sont  les  volu- 
oes  ou  nasses  alnlBales  des  debris  que  vous  pouvez  d^tecter? 

Author's  Reply: 

It  is  difficult  to  give  a  straight  answer  but  we  measured  particles 
do%m  to  a  few  ^  a.  Ve  detected  also  the  small  sand  particles  which 
were  not  eliminated  by  the  helicopter  engine  filters. 

G.  WINTERFELD 

Can  you  distinguish  between  the  electrically  charged  soot  particles 
from  the  c<MBbustion  and  the  other  debris  particles? 

Author's  Reply: 

The  results  show  that  an  engine  has  a  normal  level  of  charge  which 
gives  the  background  signal.  For  moat  engines  this  varies  with  the 
operating  regime.  During  testa  when  metallic  debris  was  present  in 
the  gas  path  the  signal  changed  significantly.  Indicating  the  presence 
of  the  metallic  debris. 

The  baseline  footprint  for  each  engine  can  be  established,  which  inclu¬ 
des  the  effect  of  the  charged  soot  and  carbon  particles.  Deviations 
from  the  baseline  footprint  indicate  the  presence  of  other  debris 
in  the  gasstreas,  or  higher  than  normal  levels  of  soot  and  carbon. 

C.  SCURA 

1.  Did  you  test  your  system  with  reheat  in  operation? 

2.  Is  there  any  velocity  limit  of  particles  above  which  it  is  not  possi 
ble  to  detect  th^? 

Author's  Reply: 

1.  NO,  we  have  not  tested  the  equipment  on  engines  with  reheat  in  opera 
tion.  Ve  are  considering  these  kind  of  engines,  but  the  sensors  would 
be  installed  upstream  of  the  reheat. 

2.  At  the  present  the  system  has  the  capability  of  detecting  particles 
in  a  jet  engine  or  gasturbine.  The  velocity  of  the  particles  will  be 
up  to  gas  velocity. 

D. E,  GLENNY 

1.  How  do  your  "integrated  monitoring"  distinguishes  between  ingested 
sand  particles  and  other  engine  generated  debris  in  the  exhaust,  espe¬ 
cially  in  helicopters  which  may  or  may  not  be  fitted  with  particles 
separation? 


2.  Can  the  monitoring  system  measure  the  erosion  of  compressor  blades 
due  to  sand  erosion,  as  the  sand  particles  could  be  contaminated  with 
metal  particles? 

Author's  Reply: 

1.  To  date  the  integrated  monitoring  has  not  been  tested  on  an  engine. 
However  laboratory  tests  indicate  that  it  should  be  possible  to  corre¬ 
late  the  intake  and  the  exhaust  sensor  signals.  With  knowledge  of  the 
engine  operating  condition  the  expected  time  lag  between  the  sand  ente¬ 
ring  and  leaving  the  engine  can  be  predicted.  This  information  can 

be  used  to  establish  whether  the  signals  monitored  on  the  exhaust 
sensor  are  due  to  the  ingested  material  or  other  engine  generated  de¬ 
bris. 

2.  As  the  sand  la  likely  to  be  contaminated  with  metal  particles  it 

is  likely  that  the  nature  of  the  signal  monitored  on  the  exhaust  sensor 
will  be  different  to  that  caused  by  sand  alone.  Hence  it  should  be 
possible  to  monitor  the  blade  erosion. 


) 
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Suaaary 

PERROSCAN^  la  a  device  that  haa  been  developed  for  the  Canadian  Departaent  of  National 
Defence  by  Atonic  Energy  of  Canada  Llalted  (AECL)  for  nonltorlng  the  relative  concentra¬ 
tion  of  f arronagnet le  wear  debria  In  fluid  ayateaa  and  la  produced  by  SENSTS,  a  bualneea 
unit  of  AECL.  PERROSCAN^  generatea  a  wear  profile  In  real  tine  and  uaea  It  to  detect 
the  onaet  of  an  Inereaae  In  the  rate  of  wear  of  f erronagne t Ic  conponenta.  Thla  paper 
deacrlbea  the  background,  developnent  and  operating  prlnelplea  of  the  aenaor  and 
preaente  none  engineering  teat  reaulta. 

1 .  Introduction 

The  noraal  wear  of  bearing  aateriala  releaaea  aetalllc  partlclea  of  wear  debria  into  the 
lubricating  ayateaa  of  aachlnea.  A  narked  Inereaae  In  the  rate  of  change  of  the  wear 
debria  concentration  la  Indicative  of  abnoraal  wear:  It  la  acconpanled  by  ahlfta  to  a 
larger  nean  particle  else  (1)  and  heralda  the  onaet  of  conponent  failure.  A  device 
capable  of  continually  nonltorlng  the  concentration  of  ferronagnetic  wear  debria  In 
real  tine  warns  of  Inpendlng  failure  and,  thus,  enables  reaedlal  action  to  be  taken 
before  failure  occurs. 

2 .  Historical  Background 

The  principle  for  aeasurlng  the  concentration  of  f erroaagnet ic  partlclea  In  fluids  as 
described  In  this  paper,  was  originally  developed  for  deteralnlng  the  concentration  of 
suspended  ferronagnetlc  particulate  aaterlal  in  the  heat  transport  systeas  of  CANDD 
power  reactors  (2).  In  such  systeaa,  suspended  ferronagnetlc  aaterlal,  principally  aag- 
netlte,  Is  of  particular  interest  since  It  constitutes  one  of  the  chief  aeans  by  which 
radionuclides  are  transported  around  the  coolant  circuit. 

In  the  fall  of  1981  this  technology  was  recognised  by  C.A.  Waggoner,  s  trlbologlst 
working  for  the  Departaent  of  National  Defence  at  the  Defence  Research  Establ ishaent 
Pacific,  as  a  potential  on-line  device  for  deteralnlng  the  aaount  of  ferronagnetlc  wear 
debris  in  lubricating  oil  systeas.  Consequently,  a  aultl-phsse  research  and  developnent 
prograa  funded  by  DND  was  begun  to  adapt  the  technology  for  use  on  the  lubrication 
ayateaa  of  gaa  turbine  englnea  and  helicopter  gear  boxes. 

A  five-phase  developnent  prograa  froa  1982  to  1987  proved  the  technology,  denonstrated  a 
prototype  product  and  resulted  in  an  agreeaent  between  DND  and  AECL  to  actively  proaote 
coanerclal  exploitation  of  FERROSCAN^ . 

3 .  Prlnelplea  of  Operation 

FERROSCAN^  consists  of  s  sensor  coll,  a  trapping  aagnet  and  a  alcr ocontro I le r .  The 
fluid  saaple  atreaa  passes  through  a  cylindrical  sensor  coll  which  Is  the  inductive  con¬ 
ponent  of  an  RF  oscillator:  when  the  ferronagnetlc  content  within  the  active  volune  of 
the  coll  Is  changed,  the  inductance  in  the  RF  circuit  changes  also  and  this  aanlfests 
Itself  as  a  change  In  oscillator  frequency.  For  a  simple  series  circuit  consisting  of 
an  inductance,  L,  capacitance,  C,  end  resistance,  R,  the  resonance  frequency  is  given 
by: 


f  -  l/2x/LC  (1) 

Thus,  If  the  ferromagnetic  content  within  the  sensor  coll  is  increased  this  results  in 
an  increase  In  the  Inductance,  L,  and  the  frequency  of  the  oscillator  will  decrease. 

To  selectively  collect  ferronagnetlc  aaterlal,  an  electromagnet  Is  built  around  the 
aenaor  coll.  When  the  aagnet  is  energised,  ferronagnetlc  partlclea  are  collected  over 
the  coll  windings  and  the  oeclllator  frequency  decreases  until  the  trapping  aagnet  Is 
de-energlsed .  The  ratio  obtained  by  dividing  the  resultant  frequency  change  by  the 
trapping  interval  Is  a  linear  function  of  the  bulk  concentration  of  ferronagnetlc 
particulate  aaterlal. 

The  operation  of  FERROSCAN^  Is  best  described  with  the  help  of  the  f r e queocy / t lae 
profile  shown  In  figure  1.  When  the  trapping  aagnet  la  energised,  the  oaclllator 
frequency  undergoes  a  step  change  froa  f(A)  to  f(B)  due  to  inductive  coupling  between 
the  sensor  and  aagnet  windings.  As  particles  of  ferronagnetlc  wear  debria  are  trapped 
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•gainst  the  loslda  of  the  aansor  coll  windings,  the  frequency  decreases  progressively 
froa  f(B)  to  f(B)  due  to  •  steady  Incrssse  in  Inductance.  When  the  eagnet  Is 
de-'energlsed ,  the  trapped  ferromagnetic  ■aterlal  la  released  and  the  oscillator 
frequency  returns  to  its  initial  value  f(A)«f(B).  The  slope,  a,  of  the  frequency  rasp 
aeasured  within  the  trapping  Interval  {c<C)-t(D)}  is  given  by 

s  -  {f(C)-f(D))/|t(C)-t(D)}  (2) 

and,  as  figure  2  shows.  It  is  a  linear  function  of  the  bulk  concentration  of  suspended 
ferromagnetic  particulate  aaterial.  A  natural  Halt  exists  to  the  amount  of  material 
that  can  be  trapped  as  the  trapping  interval  is  continuously  extended.  This  is  the 
result  of  a  reduction  in  the  aagnetlc  field  gradient  as  f erroaagnet Ic  particles  build-up 
across  the  pole  gap  and  in  the  concoanltant  reduction  In  trapping  efficiency  (see 
section  5).  Thus  the  oscillator  frequency  tends  to  a  plateau  value  for  very  long 
trapping  tines  and  figure  3  deaonatratea  this  behaviour.  It  is  found,  however,  that  the 
drop  in  frequency  required  to  aake  precise  aeasurenents  of  (f(C)-f(D)|  Is  small  enough 
that  the  variation  of  frequency  with  trapping  Interval  over  the  range  of  Interest  can  be 
considered  linear.  Thus,  typical  values  of  {f(C)-f(D)}  are  a  few  tens  of  kilohertz  and, 
as  can  be  seen  in  figure  4,  a  linear  approximation  over  this  range  la  a  good  one. 

PERROSCAN^  can  be  operated  in  several  nodes  depending  on  application.  The  first  mode 
involves  measuring  the  frequency  change  for  a  fixed  trapping  Interval.  The  advantage  of 
this  approach  is  that  it  provides  a  fixed  cycle  time  and  enables  a  single  controller  to 
monitor  many  sensors  with  ease.  However,  using  a  trapping  interval  of  10  seconds,  non¬ 
linearity  in  response  becomes  significant  at  concentrations  in  excess  of  approximately 
ISO  ppm  (note  figures  3,4). 

In  a  second  node  of  operation,  the  trapping  Interval  is  measured  for  a  fixed  change  In 
frequency,  6f.  Thus,  the  trap  Is  energised  until  6f  has  been  attained,  then  it  is  de¬ 
energised  and  the  resulting  trapping  Interval  used  to  compute  the  slope,  s.  In  this 
manner,  the  sensor  always  operates  in  Its  linear  trapping  range  whether  the  ferromag¬ 
netic  particulate  concentration  is  low  (long  trapping  interval)  or  high  (short  trapping 
interval) . 

The  third  and  preferred  mode  of  operation  is  a  combination  of  the  two  above  where  the 
trapping  period  la  variable  between  upper  and  lower  limits  and  can  adjust  to  changes  in 
concentration.  This  combination  enables  FERROSCAN^  to  respond  satisfactorily  over  a 
large  dynamic  range  covering  very  clean  (long  trapping  times)  and  very  dirty  (short 
trapping  times)  systems. 

4  .  Sensor  Calibration 

The  test  apparatus  used  for  the  majority  of  the  FBRROSCAN^  development  work  is 
represented  in  figure  3  and  consists  of  a  primary  loop,  A,  simulating  a  lubrication 
system  and  a  bypass  loop,  B.  Heaters  installed  In  the  reservoir  allow  the  oil  to  be 
maintained  at  temperatures  up  to  180*C  with  a  precision  of  tl*C. 

Particle  size  fractions  ranging  In  size  from  less  than  3  u"  to  greater  than  230  ^  were 
prepared  from  iron  powder  by  seivtng.  Known  weights  of  these  fractions  were  added  to 
oil  in  the  loop  reservoir  and  circulated  through  the  sensor  to  calibrate  Its  response  to 
changes  in  concentration.  With  the  exception  of  high  temperature  experiments,  hEXRON  II 
was  used  as  a  representative  oil:  for  high  temperature  work  HtL  23699  was  used.  The 
action  of  the  stirrer  and  circulating  pumps  helped  to  reduce,  but  could  not  eliminate, 
sedimentation.  Consequently,  the  actual  concentration  of  suspended  iron  particles  was 
determined  by  the  chemical  analysis  of  oil  samples  withdrawn  from  the  loop. 

The  major  part  of  the  FERROSCAN^  program  prior  to  1987  has  been  concerned  with  develop¬ 
ment  and  characterization  of  a  sensor  having  a  bore  of  0.125  inches.  This  sensor 
operates  as  a  full-flow  device  over  a  linear  flow  velocity  range  of  0.8  to  4.8  meters 
per  second  (7  to  40  mL  per  second)  but  at  higher  flow  velocities  Is  usually  run  in  the 
bypass  mode.  Sample  flow  in  the  bypass  mode  is  provided  by  either  a  small  gear  pump  or 
a  flow  nozzle.  A  typical  calibration  plot  for  one  of  these  sensors  has  already  been 
given  in  figure  2. 

5  .  FERROSCAH^  Sensor  Response 

3.1  Factors  Related  to  Trapping  Efficiency 

The  trapping  efficiency,  e,  of  the  sensor  is  defined  by  the  expression 

c-l-c*/c  (3) 

where  c,  c*  are  the  concentrations  of  suspended  ferromagnetic  particulate  material 
upstream  and  downstream  of  the  trapping  magnet,  respectively. 

The  four  principle  factors  which  determine  trapping  efficiency  are  the  radial  gradient 
of  the  magnetic  field,  particle  size,  linear  flow  velocity  and  viscosity.  An  approxi¬ 
mate  theoretical  treatment  indicates  that  trapping  efficiency  should  vary  inversely  as 
the  viscosity  and  linear  flow  velocity,  directly  as  the  radial  component  of  the  magnetic 
field  strength  and  as  the  square  of  the  particle  radius  and  this  is  supported  in  general 
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by  the  data  shovn  in  figures  6*  8  and  9>  (Note  that  tn  figures  6,7  and  9  the 
trapping  efficiency  Is  expressed  as  response  per  unit  concentration  rather  than  as  the 
dlacnalonless  paraaater  €)• 

The  effect  of  viscosity  on  sensor  response  la  shown  In  figure  6>  Although  the  viscosity 
dependence  is  not  strictly  a  reciprocal  one,  it  does  support  the  Inverse  relationship 
suggested  by  the  foregoing  aodel* 

The  variation  of  sensor  response  with  linear  flow  velocity  is  shown  In  figure  7  and 
these  data  Indicate  the  anticipated  inverse  dependence  at  flow  velocities  in  excess  of 
1.7  a/s.  At  lower  flow  velocities,  e  decreases:  this  is  attributed  to  the  fact  that  If 
the  flow  velocity  Is  sufflelenCly  low,  viscous  drag  Is  not  great  enough  to  completely 
flush  away  the  particles  before  the  trapping  aagnet  is  re-eRergieed. 

In  many  Instances,  noraal  operating  conditions  for  an  engine  or  transmission  are  such 
that  lubricant  viscosity  and  flow  velocity  vary  to  a  small  enough  extent  that  the 
resultant  effect  on  sensor  response  is  negligible. 

Figure  8  shows  the  anticipated  linear  correlation  between  trapping  efficiency  and 
magnetic  field  strength  (aagnet  current). 

The  data  In  figure  9  show  sensor  sensitivity  increasing  In  a  non-linear  fashion  with 
Increasing  particle  site  although  not  the  square  dependence  suggested  above. 

The  particle  size  behaviour  gives  rise  to  a  positive  feature  for  FKRROSCAN^.  As  the 
rate  of  wear  Increases  the  mean  particle  site  of  the  resulting  debris  increases  also. 
Thla  behaviour  sharpens  the  "knee"  that  is  obtained  In  the  wear  profile  (as  the  result 
of  increasing  sensitivity  with  Increasing  particle  size)  and,  thus,  makes  the  onset  of 
abnormal  wear  easier  to  detect* 

5.2  Factors  Related  to  Oscillator  Frequency 

Prom  electromagnetic  theory,  the  inductance  of  a  coll  having  cylindrical  geometry  can  be 
expressed  In  terms  of  the  magnetic  permeability  of  the  material  within  its  core,  u,  the 
number  of  turns  per  centimeter,  n,  and  the  core  volume,  V,  as  follows: 

X.  •  |»o*V  (4) 

Substituting  this  expression  for  L  into  equation  (1)  and  differentiating  with  respect  to 
H  gives 

6f/6(J  -  f/2n  (5) 

The  quantity  6f/6u  can  be  regarded  as  the  sensitivity  of  the  sensor  to  changes  in  the 
ferromagnetic  content  of  the  material  within  the  core  of  the  sensor  coil.  Thus  from 
equation  (5),  sensor  sensitivity  will,  for  a  given  value  of  p  (material  within  the 
core),  be  directly  proportional  to  the  frequency  of  the  RF  oscillator. 

Oaetllator  frequency  is  affected  by  changes  in  dimensions  of  the  sensor  coll  as  a  result 
of  thermal  expansion  and  by  temperature-induced  changes  In  the  magnetic  permeability  of 
the  material  within  the  core  of  the  sensor  coll  (see  above). 

Net  thermal  expansion/contraction  Is  determined  by  the  balance  of  heat  dissipated  by  the 
magnet  winding  and  by  heat  flow  from  the  oil  stream.  Thus,  if  the  temperature  of  the 
sensor  coll  Increases  its  volume  will  Increase  and  the  oscillator  frequency  will 
decrease  in  accordance  with  equation  (5)  above:  conversely,  s  decrease  In  temperature 
will  result  in  an  Increase  In  oscillator  frequency.  It  has  been  observed  during  the 
course  of  this  work  that  the  net  effect  of  temperature-induced  changes  In  magnetic 
permeability  on  oscillator  frequency  Is  tn  the  same  sense  as  that  resulting  from  thermal 
expans ion/con t rac t ion ,  namely,  the  frequency  decreases  with  rising  temperatures  and 
increases  with  falling  temperatures. 

In  the  majority  of  applications  thermally  induced  effects  are  small  and  involve  errors 
of  less  than  5X  in  measured  response.  These  effects  can  be  readily  compensated  by 
monitoring  the  changes  tn  oscillator  base  frequency  and  applying  the  correction  to  the 
observed  sensor  response. 

6 .  Engineering  Test  Bed  Results 

6.1  Grain  Auger  Gearbox 

Figure  10  shows  the  wear  profile  obtained  using  a  single,  0*125  inch  sensor  and  sample 
pump  with  a  small,  right  angle  drive  geerbox  having  a  rated  torque  of  59  Inch. pounds 
(3.8E).  It  can  be  readily  seen  th«t  Initial  incteaaes  in  applied  load  resulted  in  a 
gradual  Increasa  in  raaponsa,  but,  beginning  at  24. 5Z  applied  torque,  response  Increased 
dramatically  and  continued  to  Increase  until  eventual  destruction  at  420  minutes.  These 
trends  were  supported  by  chemical  analysts  of  oil  samples  taken  during  the  course  of  the 
run  which  demonstrate  a  one-to-one  correspondence  between  wear  debris  content  and 
sensor  raaponsa. 
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6.2  Klova  Helicopter  Tell  Rotor  Geerbox 

A  elallar  expertaent  wee  carried  out  uelng  a  Kiowa  tall  rotor  gearbox.  During  the 
courae  of  thla  cxperlaent,  the  rate  of  wear  of  the  bearlnga  and  geare  waa  deliberately 
Increaaed  by  reducing  torque  on  the  Input  pinion  race  retainer  nuta  and  culnlnated  in 
renoral  of  the  bearing  ahln»  thereby  reducing  clearance  between  the  Input  and  output 
^  plnlona  to  zero.  The  auatalned  increase  In  wear  rate  which  resulted  fron  thla  action  la 

shown  clearly  by  the  wear  profile  in  figure  11.  It  was  found  necessary  to  terminate  the 
run  short  of  the  target  of  130  hours  of  continuoua  operation  when  vibration  of  the  teat 
i  stand  became  oo  pronounced  it  caueed  the  speed  and  torque  control  rtlaya  to  open  and 

^  close  Inadvertently  thus  making  control  of  the  test  stand  Impossible.  The  sensor 

response  data  were  again  supported  by  the  chemical  analysis  of  oil  samples  taken  during 
the  courae  of  the  run. 

6.3  General  llectrlc  T-56  Gas  Turbine  Engine 

A  three-sensor  PERROSCAN^  system  was  fabricated  under  contract  to  DREP  and  run  on  the 
I  lubrication  systems  of  two  General  Electric  T-36  engines  which  were  undergoing  tests  for 

the  Department  of  National  Defence  at  the  National  Research  Council »  Ottawa.  The 
sensors  were  used  to  monitor  ferromagnetic  wear  debris  on  the  engine  feed  line  and  on 
the  engine  and  gearbox  scavenge  lines  for  a  total  of  30  runs*  each  run  lasting 
approximately  1  hour.  The  sensors  Indicated  very  low  concentrations  of  wear  debris 
throughout  the  entire  test  period  and  these  results  were  confirmed  by  the  chemical 
analysis  of  samples  withdrawn  fron  the  test  loop.  These  experiments  were  Important 
alnce  they  constituted  the  first  long-term  engineering  test  of  the  prototype  system  and 
suggested  many  software  and  hardware  Improvements. 

*  In  the  three  examples  cited  above*  the  sensors  were  operated  and  controlled  by  a 

dedicated  computer.  Output  consisted  of  sensor  response  as  a  function  of  elapsed  time 
and  was  presented  as  hard  copy  on  a  printer. 

c  6.4  Natural  Gas  Pumping  Station 

A  PERROSCAN^  system  consisting  of  four  0.12S  inch  sensors  has  been  operating 
successfully  since  the  beginning  of  September  1987  on  a  gas  pumping  station;  three 
sensors  monitor  wear  debris  produced  by  three  bearings  on  the  turblne/coapressor  using 
small*  Individual  sampling  pumps.  The  fourth  sensor  monitors  the  combined  scavenge  oil 
flow  of  the  gas  turbine  engine  which  drives  the  turbine-compressor*  using  a  flow  nozzle 
to  provide  a  sample  stream  for  the  sensor.  To  date*  the  concentration  of  ferromagnetic 
particulate  material  at  all  four  sensor  locations  has  remained  at  or  near  the  detection 
limit  (approximately  O.S  ppm)  and  these  results  have  been  confirmed  by  the  analysis  of 
samples  withdrawn  from  the  four  sample  loops. 

I  6.5  Shipboard  Installation 

A  three-sensor  system  using  0.125  Inch  sensors  and  pressure-driven  sample  flow  has  been 
operating  successfully  on  s  coastguard  vessel  since  mid-October  1987  where  it  Is  being 
used  to  monitor  the  concentration  of  ferromagnetic  wear  debris  in  the  propulsion  engine 
i  and  propeller  shaft  lubrication  systems.  The  wear  debris  concentrations  In  these 

systems  have  tended  to  be  higher  than  those  encountered  In  the  installations  described 
In  6.3  and  6.4  above  but  have  not*  to  date*  Indicated  any  significant  changes  in  rate  of 
wear . 

6 .6  Aerospace  Pses  of  FERROSCAN^ 

FBRROSCAN^  systems  are  being  readied  for  installation  on  selected  military  and  civilian 
aircraft  where  they  will  be  used  to  monitor  ferromagnetic  wear  debris.  These  systems 
use  a  variety  of  sensors  with  different  bores  that  can  accept  the  entire  lubricant  flow: 
this  Is  made  necessary  by  the  fact  that  lubricant  scavenge  flow  in  most  aircraft  can 
contain  up  to  802  air.  As  In  the  case  of  oil  alone*  these  sensors  also  respond  linearly 
to  changes  In  the  concentration  of  ferromagnetic  wear  debris  in  mixtures  containing 
large  proportions  of  air. 

The  installations  described  In  6.4*  6.5  and  6.6  are  operated  and  controlled  by  small* 
rugged  microcomputer  which*  In  addition  to  producing  continuous  data  readout 
approximately  once  a  minute*  can  store  store  short  term  (5-alnute  peak  values  for  3.5 
days)*  medium  term  (30-nlnute  running  averages  for  32  days)  and  long  term  data  (24-hour 
peak  values  for  34  months)  for  up  to  eight  different  sensors.  These  data  are  accessible 
through  TERROFILE,  a  software  utility  which*  In  addition  to  downloading  stored  data, 
provides  a  means  of  displaying  that  data  graphically  for  trend  analysis. 

7 .  Concluding  Remarks 

FERROSCAN^  Is  an  Intelligent*  on-condltlon  monitor  system  which  generates  a  ferromag¬ 
netic  wear  debris  profile  In  real  time:  it  provides  a  means  of  detecting  the  onset  of 
an  Increase  In  the  rate  of  wear  of  ferromagnetic  components  and*  consequently*  of 
indicating  when  remedial  action  should  be  taken. 

Current  research  and  development  Is  concerned  with  the  evolution  of  more  diverse  and 
advanced  sensors  which*  together  with  parallel  developments  In  controller  design*  will 
promote  the  ability  of  FERROSCAN^  to  satisfy  the  need  for  this  technology  in  all  sectors 
of  Industry. 
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Figure  1 1  ■  Field  tMt:  Kiowa  tall  rotor  goartMx 
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DISCUSSION 

R.  FEATHERSTONE 

We  heard  this  week  Chat  spectrographic  oil  analysis  techniques  (SOAP) 
are  becooing  less  effective  in  identifying  wear  debris  as  lubricating 
oil  filters  are  being  selected  ever  finer,  removing  more  particles 
of  the  debris.  Is  the  sensitivity  of  your  system  adequate  to  pick  up 
where  the  SOAP  leaves  off? 

Author's  Reply: 

Ferroscan  probes  are  installed  in-line,  imiDediately  downstream  of  the 
wearing  component  and  upstream  of  any  filters  so  that  an  increase  in 
rate  of  wear  is  detected  as  soon  as  it  occurs. 

With  regard  to  the  particle  size  range  accessible  to  us,  we  have  succes- 
fully  monitored  ferromagnetic  wear  debris  concentrations  in  which  the 
particle  size  varied  from  .04  .vin  to  about  2000  ^m. 

In  addition,  the  system  responds  linearly  to  changes  in  concentration 
of  suspended  ferromagnetic  particulate  material,  for  oil  containing 
up  to  90X  air  by  volume* 

G.  TANNER 

Is  there  any  residual  magnetism  in  the  particles  that  cause  the  orifice 
to  clog? 

Author's  Reply: 

If  there  were  sufficient  residual  magneti^n  left  on  the  steel  particles 
after  being  trapped  by  the  sensor  to  cause  them  to  remain  fixed  after 
the  magnet  had  been  engaged,  this  would  be  evident,  because  of  the 
attendant  decrease  in  probe  sensitivity.  We  had  not  observed  this. 

The  probe  remains  sensitive  after  repeated  analysis  in  such  system. 
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Suimary 

Condition  monitoring  has  developed  from  simple  hand  recording  and  analysis 
of  cockpit  instrumentation  to  the  use  of  electronic  systems  selecting  and 
recording  a  multitude  of  measurements  for  transmission  to  ground-based  computer 
systems,  which  store  and  analyse  data  from  an  entire  fleet.  COMPASS  (condition 
Monitoring  and  Performance  Analysis  Software  System)  is  a  ground-based  computer 
system,  currently  being  developed  by  Rolls-Royce  pic  for  application  on  the 
Rolls-Royce  RB211  and  Tay  and  lAE  (International  Aero  Engines)  V2500  turbofans. 
After  discussing  the  benefits  of  a  monitoring  system,  this  paper  describes 
COMPASS,  its  sources  of  data  and  its  analytical  functions,  including  details  of 
new  techniques  developed  to  improve  the  usefulness  of  the  analysis  that  is 
done.  The  paper  also  shows  how  COMPASS  is  designed  in  two  parts: 

-  Analytical  functions  specific  to  a  given  application. 

-  General  host  routines,  providing  all  the  "housekeeping"  functions 
required  in  any  monitoring  system,  including  smoothing  and  trending, 
alert  generation,  fleet  averaging,  compression,  data  management  and 
data  plotting. 

The  use  of  the  general  host  routines  could  be  extended  to  cover  any 
operation  (civil  or  military,  engine/airfreune/APU,  etc)  which  is  to  be 
monitored.  The  paper  concludes  by  outlining  the  approach  Rolls-Royce  pic  is 
adopting  to  enable  the  COMPASS  host  to  be  made  available  for  widespread 
application. 


List  Of  Abbreviations 

E6T  Exhaust  Gas  Temperature  (V2500) 

EPR  Exhaust  Pressure  Ratio:  used  as  a  thrust-setting  parameter 

N2  High  Pressure  shaft  speed  (V2500,  Tay) 

Intermediate  Pressure  shaft  speed  (RB211) 

TGT  Turbine  Gas  Temperature  (RB211,  Tay) 

VIGV  Variable  Inlet  Guide  Vanes  (RB211) 


COMPASS  is  a  Registered  Tradenark  of  Rolls-Royce  pic 
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Introduction 

Engine  condition  monitoring  has  developed  over  the  last  several  decades 
from  hand  recording  and  analysis  of  cockpit  instrumentation  to  the  use  of 
electronic  on-board  data  gathering  systems  which  select  and  record  a  multitude 
of  engine  and  aircraft  measurements  for  onward  transmission  to  ground-based 
computer  systems^  which  store  and  analyse  data  from  an  entire  fleet.  These 
ground-based  computer  systems  have  become  more  complex  as  the  amount  of  data  to 
be  processed  has  Increased,  the  data  quality  has  improved,  and  user 
requirements  for  better  diagnostic  routines  and  user-friendliness  have  emerged; 
the  aim  is  further  reduction  in  cost  of  operation  of  the  equipment  being 
monitored. 

COMPASS  (condition  Monitoring  and  Performance  Analysis  Software  System)  is 
a  ground-based  engine  condition  monitoring  computer  system  currently  being 
developed  by  Rolls-Royce  pic  for  initial  application  on  the  lAE  (International 
Aero  Engines)  V2500  two-shaft  turbofan  (scheduled  to  enter  service  on  the 
Airbus  A320  in  Spring  1989),  the  Rolls-Royce  RB211-524G  three-shaft  turbofan 
(scheduled  to  enter  service  on  the  Boeing  747-400  in  Spring  1989)  and  Tay 
two-shaft  turbofan  (in  service  on  the  Gulfstream  IV  and  Fokker  100),  and  which 
will  be  available  for  use  on  future  civil  and  military  engines  (and, 
retrospectively,  on  earlier  versions  of  the  RB211  and  on  RB183  turbofans), 
airframes  and  auxiliary  power  units.  After  siimmarising  the  benefits  to  be 
gained  from  monitoring,  the  paper  describes  COMPASS,  its  sources  of  data,  and 
its  analytical  functions.  It  also  describes  the  concept  of  COMPASS  as  a 
neutral  host,  ie  a  general  system  providing  all  the  "housekeeping"  functions 
(data  input,  output  and  storage,  smoothing/ trending,  alerts  and  statistical 
calculations)  required  by  any  monitoring  system.  The  approach  Rolls-Royce  pic 
is  adopting  for  the  use  of  COMPASS  with  other  (non  Rolls-Royce  pic)  diagnostic 
routines  is  also  discussed. 

The  Benefits  of  a  Monitoring  System 

The  benefits  of  in-service  monitoring  are  two-fold: 

Enhanced  visibility  of  fleet  condition. 

-  Reduced  cost  of  operation. 

Modern  methods  of  data  transmission  mean  that  measurements  taken  in  flight 
can  be  processed  shortly  after  they  are  gathered  by  ground-based  systems  such 
as  COMPASS,  giving  the  operator  visibility  of  the  current  state  of  engines, 
airframes,  etc  at  that  time,  both  in  terms  of  performance  (eg  TGT/EGT  margins 
at  take-off)  and  mechanically  (eg  vibration). 

Data  recorded  at  take-off  (either  full  power  or  derated)  can  be  normalised 
so  that  temperature  and  shaft  speed  margins  relative  to  red-line  values  can  be 
estimated:  these  estimated  margins  can  then  be  trended,  enabling  the  operator 
to  anticipate  and  thus  avoid  operational  disruption  caused  by  red-line 
exceedances.  Monitoring  the  mechanical  behaviour  of  the  engine  (eg  vibration, 
oil  pressure,  temperature  and  consumption)  as  well  as  monitoring  the  results 
from  module  performance  analysis  routines  produces  information  to  detect 
incipient  failures,  enabling  remedial  action  to  be  taken. 

Information  from  a  monitoring  system  can  be  used  to: 

Quantify  and  understand  the  mechanisms  of  in-service  deterioration. 

Define  shop  workscopes  ahead  of  time. 

Schedule  maintenance  at  times  convenient  to  the  operation  and 

workshop  capacity. 

Improve  maintenance  by  providing  more  information  on  which  to  base 

decisions. 

Reduce  ground  running  by  making  adjustments  based  on  flight  data. 

The  latter  item  produces  savings  directly  by  reducing  manpower  and  fuel 
usage;  however,  savings  from  other  items  will  depend  on  the  ability  of  the 
operator  to  react  to  the  information  produced  by  the  monitoring  system.  These 
potential  savings  arise  frcmi: 

Improved  operational  efficiency 

Maintenance  at  operator’s  convenience 
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Early  warning  of  problems 
Matching  of  eguipnent  to  requirements 
Improved  workshop  utilisation 

Planning  of  cost-effective  work 
Elimination  of  unnecessary  work 
Improved  fleet  performance 

More  effective  maintenance 

Higher  eguif^nt  standard  from  more  effective 
rework 

Better  fuel  consumption 
Lower  operating  temperatures 
Improved  durability  and  reliability 

Monitoring  systems  can  therefore  make  an  effective  contribution  towards  a 
reliable  and  efficient  operation. 

What  is  COMPASS? 

COMPASS  is  a  ground-based  engine  health  monitoring  system  with  built-in 
flexibility  to  allow  the  user  to  select  those  functions  he  requires  to  maximise 
the  benefits  to  his  operation.  These  range  between  the  extremes  of  simple 
trending  of  cockpit  parameters  (eg  shaft  speeds,  TGT/EGT,  fuel  flow,  vibration) 
and  full  module  performance  analysis  plus  mechanical  analysis,  with  or  without 
alert  message  generation.  Input  data  to  and  output  data  from  the  analytical 
functions  can  be  stored  within  the  system  and  displayed  on  a  terminal  or 
printer.  Depending  on  the  user's  operations,  COMPASS  can  be  configured  to  run 
either  on-line  on  receipt  of  data  or  in  batch  mode.  It  is  important  to  note 
that  COMPASS  is  a  system  that  reports  by  exception,  only  alerting  the  user  when 
it  is  necessary;  the  user’s  attention  is  focused  on  exceptional  events,  rather 
than  distracted  by  the  process  of  searching  through  large  quantities  of  normal 
output  in  order  to  discover  the  exceptional  events  manually. 

The  COMPASS/Aircraft  interface  is  shown  diagrammatically  in  Figure  1. 

Data  from  the  electronic  engine  control  unit  and/or  other  engine  parameter 
measurement  devices  is  gathered  by  the  aircraft  condition  monitoring  system, 
which  also  takes  in  flight  data,  aircraft  data  and  other  engine  data  available 
on  the  aircraft  data  busses.  The  output  from  the  aircraft  condition  monitoring 
system  is  then  transferred,  by  some  means  which  is  operator  dependent,  into  the 
operator's  computer  system,  within  which  COMPASS  is  installed. 

COMPASS  can  be  considered  to  consist  of  four  modules: 

An  Analysis  Module,  where  all  calculations  for  the  performance  and 
mechanical  functions  take  place. 

A  Trend  Module,  where  data  input  to  and  output  from  the  analysis 
module  can  be  processed  through  a  smoothing/trending  routine  to 
produce  alert  messages  if  changes  outside  predetermined  limits  (in 
terms  of  levels,  steps  and  rates  of  change)  are  detected. 

A  Plot  Module,  which  enables  all  information  within  the  COMPASS  data 
bases  to  be  displayed  on  a  screen  and/or  printer  in  trend,  tabular, 
bar-chart  or  X  -  y  plot  format, 

A  Utility  Module,  which  handles  items  such  as  system  maintenance, 
generation  of  statistical  data,  data  compression  and  data  validation. 
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Sources  of  Data  for  COMPASS 

Data  for  COMPASS  Is  generated  from  four  main  areas: 

-  On-wing  data 

-  Ground  data 

-  Test-cell  data 
Maintenance  action  data 

The  above  data  is  received  by  the  cmPASS  system  via  an  appropriate 
operator /COMPASS  interface  using  a  SIRF  (Standard  Input  Record  Format); 
individual  data  items  are  allocated. defined  positions  in  the  SIRF,  which 
ensures  compatibility  between  COMPASS  and  the  outside  world. 

On-wing  data  is  provided  by  the  aircraft  condition  monitoring  system  on 
board  the  aircraft.  The  exact  format,  content  and  criteria  for  generation  of 
the  output  is  agreed  between  the  engine  supplier,  the  airframe  supplier  and  the 
operator.  Outputs  typically  produced  today  are  In  the  form  of  reports,  such 

as: 

( 1 )  Engine  Cruise  Report 

(2)  Engine  plus  Aircraft  Cruise  Report 

(3)  Take-off  Report 

(4)  Ground- run  Report 

(5)  Engine  Start  Report 

(6)  Engine  Advisory  and  On-reguest  Reports 

(7)  Engine  Divergence  Report 


Typically,  COMPASS  analytical  functions  will  carry  out  analysis  of  data 
received  via  the  SIRF  from  Reports  (1)  to  (S)  above;  data  from  the  other 
reports  is  stored  on  the  COMPASS  Engine  History  Data  Store. 

Ground  data  covers  such  Items  as  oil  uplift,  and  enters  COMPASS  via  the 

SIRF. 


Test-cell  data  also  enters  CQKPKSS  via  the  SIRF.  In  order  to  avoid 
customised  engine  models  (used  as  part  of  the  analytical  functions),  the  data 
needs  to  be  corrected  to  standard  conditions  prior  to  input  to  COMPASS. 

Analysed  test-cell  data  can  be  used  as  start  points  for  the  in-flight  trend 
plots. 

Maintenance  action  data  typically  includes  date,  time,  aircraft 
identification,  engine  number,  engine  hours  and/or  cycles,  engine  installation 
position  and  recorded  maintenance  actions  (expressed  as  coded  words);  all  this 
data  enters  COMPASS  via  the  SIRF.  Maintenance  actions  which  affect  performance 
and  mechanical  behaviour  can  be  identified,  and  used  to  reinitialise  the 
smoothing/trending  routines  on  parameters  affected. 

COMPASS  Analytical  Functions 

Depending  on  the  instrumentation  available  on  the  engine  and  the 
data-gathering  system  on  the  aircraft  in  which  the  engine  is  installed,  the 
functions  described  below  are  all  available  in  COMPASS.  Some  functions  are,  of 
course,  available  either  within  existing  monitoring  systems  or  as  separate 
stand-alone  programs;  one  of  the  advantages  of  COMPASS  is  that  all  functions 
are  integrated  into  one  system,  making  it  easier  to  combine  and  correlate 
output  fr<xn  different  analysis  functions. 

Module  Performance  Analysis  and  Sensor  Bias  Determination 

This  is  the  main  performance  analysis  function;  data  recorded  from  on-wing 
or  test-cell  running  of  an  engine  is  ccxnpared  with  that  expected  from  a  model 
of  the  engine  at  the  observed  power  level  and  flight/test-cell  conditions;  the 
differences  from  expectations  are  used  to  estimate  the  efficiency  and  capacity 
changes  of  the  turbomachinery  making  up  the  engine,  as  well  as  resolving  any 
sensor  bias  which  may  be  present. 


This  function  uses  optimal  Estimation  techniques  (Kalman  Filtering); 
however /  the  Kalman  Filter  has  one  inherent  problem  in  that  measurement 
differences  appropriate  to  Known  subsets  of  component  changes  and/or  sensor 
biasses  tend  to  be  analysed  as  a  combination  of  all  possible  changes  and 
biasses.  This  can  be  confusing  when  the  user  is  trying  to  decide  on  remedial 
action.  Rolls-Royce  pic  has  developed  a  proprietary  addition  to  the  basic 
Kalman  Filter  which  overcomes  the  above  mentioned  characteristics,  and  focuses 
attention  on  the  significant  items.  Two  examples  for  a  two-shaft  turbofan  are 
illustrated  in  Figures  2  and  3. 

The  upper  portion  of  Figure  2  depicts  the  results  from  the  basic  Kalman 
Filter  analysing  a  set  of  measurement  differences  consistent  with  a  half 
percent  reduction  in  both  the  high  pressure  compressor  and  high  pressure 
turbine  efficiencies,  showing  the  assigning  of  these  differences  as  being  due 
to  changes  in  all  the  possible  component  changes  and  sensor  biases.  The  lower 
portion  of  Figure  2  shows  the  results  from  the  proprietary  addition;  it  is  seen 
that  the  output  corresponds  to  the  changes  used  to  generate  the  measurement 
differences.  Figure  3  shows  the  results  from  a  similar  exercise,  in  which  a 
set  of  measurement  differences  consistent  with  a  half  percent  reduction  in  high 
pressure  turbine  efficiency  and  a  half  percent  high  pressure  compressor  exit 
temperature  bias  have  been  analysed. 

Overall  Performance 

In  this  routine,  gas  path  parameters  (eg  TGT/EGT,  fuel  flow,  shaft  speeds) 
are  compared  to  the  engine  model,  and  deviations  monitored. 

Parameter  SLOATL/Margin  Calculations 


This  function  estimates  the  margins  at  take-off  for  TGT/EQT  and  shaft 
speeds  for  an  engine  that  is  operated  at  full  power.  Additionally,  the 
function  estimates  the  SLOATL  (Sea  Level  Outside  Air  Temperature  Limit),  which 
is  the  sea  level  ambient  temperature  at  which  the  engine  would  have  zero 
temperature  or  speed  margin  when  operated  at  full  power. 

Thrust  and  EPR  Derates 


Percentage  derated  take-off  thrust  can  be  calculated  from  data  gathered  at 
take-off  conditions.  Delta  EPR  (from  full  rating)  at  take-off  and  at  three 
climb  altitudes  can  be  input  into  COMPASS  and  accumulated  in  grouped  frequency 
tables  of  up  to  seven  ranges  for  take-off  and  five  ranges  for  climb.  All  this 
data  can  be  used  to  monitor  engine  usage. 

Simulation 


In  this  function,  the  engine  model  built  into  COMPASS  can  be  used  in  the 
predictive  mode  to  give  expectations  of  performance  parameters  both  with  and 
without  user-defined  ccmvponent  changes;  this  function  is  useful  for  ’’what-if” 
studies. 

N2/EPR  Tramline  Monitor  (RB211  only) 

In  this  function,  the  operation  of  the  VIGV  controller  is  monitored  by 
comparing  N2  and  EPR  values,  taken  during  engine  acceleration  to  take-off 
power,  against  N2  vs  EPR  "tramlines"  (limits). 

vibration 

Tracked  shaft  speed  and  broad  band  vibration  readings  are  normalised  and 
trended. 

Fan  Trim  Balance 


In  this  routine,  vibration,  phase  angle  and  speed  data  from  the  fan, 
gathered  at  take-off  and  cruise,  can  be  analysed  on  user  request  to  provide 
balance  weight  and  position  information  for  fan  trim  balancing  without  a 
dedicated  ground  run.  This  function  is  also  applicable  to  test-cell  operations 
if  relevant  data  is  available. 

Engine  Start 

This  function  analyses  data  taken  during  engine  start;  TQT/E6T  is 
normalised  at  selected  high-pressure  shaft  speeds,  as  a  function  of  starter 
duct  pressure  and  oil  temperature,  and  compared  to  the  expected  TGT/EGT. 
Deviations  from  expectations  are  then  monitored. 
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Flight  Profile 

Shaft  speeds  recorded  during  various  flight  phases  are  input  into  COMPASS 
for  subsequent  statistical  analysis  and  engine  usage  evaluation. 

Oil  Pressure/Teioperature 

Both  parameters  are  normalised  as  functions  of  high-pressure  shaft  speed 
and  trended. 

No  4  Bearing  Pressure  (V250Q  only) 

This  scavenge  bearing  pressure  is  normalised  and  monitored. 

Oil  Consumption 

In  this  function,  oil  consumption  is  either  calculated  from  oil  tank 
levels  recorded  during  taxi  (taking  into  account  oil  temperature,  burner 
pressure  and  high  pressure  shaft  speed)  or  calculated  from  manually-entered  oil 
uplift  figures. 

Nacelle  and  Pvlon  Temperature  Analysis 

In  these  functions,  the  nacelle  or  pylon  temperature  is  recorded  and 
compared  with  a  model  of  the  appropriate  temperature;  deviations  are  monitored, 
to  indicate  the  presence  of  air  or  gas  leaks  within  the  nacelle  or  pylon. 

Oil  Analysis  (SOAP) 

Information  from  SOAP  ( Spectrometric  Oil  Analysis  Program)  can  be 
submitted  to  COMPASS;  wear  particle  generation  rate  can  then  be  calculated, 
making  appropriate  allowances  for  dilution  due  to  the  addition  of  oil  during 
routine  servicing. 

Magnetic  Chip  Detector  Data 

In  this  function,  qualitative  conanents  are  sutMnitted  to  COMPASS  based  on 
chip  detector  inspection.  If  a  debris  tester  is  used  to  provide  a  quantitative 
assessment  of  the  material  found  on  the  chip  detector  plugs,  the  function  will 
calculate  debris  accumulation  rate  for  trending  purposes. 

COMPASS  SiKMthing/Treiidiag  and  Alert  Functions 

As  stated  earlier,  COMPASS  is  designed  to  report  by  exception;  this 
philosophy  demands  sophisticated  routines  for  assessing  the  significance  of 
changes  and  trends  in  the  input  data  and  the  results  from  the  analytical 
functions  described  earlier.  The  two  functions  that  do  this  are  the 
Smoothing/Trending  function  and  the  Alert  Function,  which  are  described  in  this 
section. 

In  choosing  a  smoothing/trending  routine,  a  set  of  basic  requirements  were 
laid  down: 


The  routine  must  use  the  current  data  point  and  estimates  from  the 
iiranediately  previous  point  only,  ie  it  must  be  recursive. 

It  must  have  a  small  computational  overhead,  since  many  items  (both 
input  to  and  output  from  the  analytical  functions  described  earlier) 
can  potentially  be  processed. 

It  must  produce  useful  output  from  a  limited  amount  of  data. 

It  must  cope  correctly  with  unequally  spaced  data,  since  it  is  highly 
likely  that  data  points  will  arrive  with  varying  time  periods  or 
cycle  numbers  between  them. 

Ideally,  the  routine  should  estimate  trend  (ie  rate  of  change) 
directly. 


Of  the  available  methods,  only  Optimal  Estimation  satisfies  all  the 
requirements;  more  traditional  methods,  such  as  Exponential  Smoothing,  only 
satisfy  the  first  three  criteria.  The  routine  produces  best  estimates  of  the 
true  level  and  trend  (rate  of  change)  of  the  parameter  being  monitored;  the 
response  of  the  algorithm  can  be  *'tuned*'  to  achieve  the  required  balance 
between  sensitivity  to  genuine  changes  and  over-response  to  noise  in  the  raw 
parameter  values.  In  essence,  the  Smoothing/Trending  routine  quantifies  the 
’'character**  of  the  time  series  in  terms  of  level  and  trend,  as  well  as  giving 
assessments  of  possible  outliers  or  sudden  changes  in  the  series.  Given  a 
direct  estimate  of  rate  of  change,  prediction  of  events  (over  the  short  term) 
becomes  possible. 

Comprehensive  alert  facilities  are  available  in  the  Alert  Function  to  warn 
the  user  when  par£uneters  have  moved  outside  limits.  Two  levels  of  alert 
(denoted  "yellow”  and  "red")  are  provided  for  both  maximum  and  minimum  values 
of  any  parameter  being  monitored.  In  addition  to  such  "absolute"  alerts,  a 
similar  system  for  "relative"  alerts  is  provided?  in  the  case  of  "relative” 
alerts,  the  parameter  is  compared  with  an  initial  value  generated  at  the  start 
of  the  series,  and  alerts  generated  when  the  difference  from  the  initial  value 
exceeds  defined  limits.  By  applying  the  Alert  Function  to  the  output  (level, 
trend  and  difference  between  actual  and  predicted  par^uneter  value)  from  the 
Smoothing/Trending  function,  sophisticated  alerting  of  the  user  to  significant 
events  is  provided. 

An  important  point  to  note  is  that  all  aspects  of  the  smoothing/ trending 
"tuning"  and  alert  level  settings  are  entirely  under  user  control,  and  can  be 
set  up  to  meet  user  requirements  without  reprogranming . 

Another  feature  of  interest  in  CGKPXSS  is  a  combination  of  the  Module 
Performance  Analysis  and  Sensor  Bias  function  with  the  Smoothing/Trending 
function;  output  from  the  Smoothing/Trending  function  applied  to  the  gas  path 
measurement  differences  from  expectation  can  be  used  as  input  to  the  Module 
Performance  Analysis  and  Sensor  Bias  function,  giving  estimates  of  true  level, 
trend  and  sudden  changes  in  both  COTiponent  changes  and  sensor  biasses.  This 
approach  uses  leas  computer  space  than  smoothing/trending  of  each  component 
change  and  sensor  bias  series  individually. 

OCMPASS  Software  ArclLltecture 

CCMPASS  has  been  designed  to  run  on  a  variety  of  computer  systems,  and 
provide  a  flexible  environment  within  which  the  analytical  functions  and 
utilities  may  be  run,  COMPASS  has  been  designed  to  run  on  computers  which 
support : 

«  32  bit  INTEGER  and  REAL  numbers. 

-  Approximately  600R  region  size. 

FORTRAN  77  compiler. 

-  FORTRAN  direct  access  input/output,  if  supplied  filing  system  is 
used. 

These  requirements  imply  that  a  mainframe  or  super  mini  is  the  most 
suitable  host  computer  for  COMPASS. 

The  architecture  of  COMPASS  is  shown  schematically  in  Figure  4.  It  is  seen  that 
the  system  to  operate  COMPASS  consists  of  three  basic  elements: 

-  Operator  environment  software,  which  provides  the  environment  within 
which  COMPASS  operates.  It  has  to  supply  C^IPASS  with  data  and 
commands  defining  the  processes  to  be  carried  out,  and  accept  from 
COMPASS  the  outputs  from  these  processes.  Because  of  the  vast  range 
of  possible  cOTiputer  hardware  environments  and  operating  practices, 
it  is  necessary  for  the  operator  to  provide  the  software  to  perform 
these  functions. 

COMPASS  software,  containing  the  COMPASS  analytical  functions  and 
utilities. 

Interfaces,  providing  the  linkage  between  COMPASS  software  and  the 
operator  environment  software.  These  would  normally  be  written  by 
the  operator  according  to  specifications  supplied?  however,  if  the 
COMPASS  filing  system  is  used,  the  associated  interfaces  are  supplied 
as  well. 
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Aspects  of  COMPASS  Software 

This  consists  of  a  number  of  modules,  the  Invocation  and  subsequent 
behaviour  of  which  Is  controlled  by  ccamands  submitted  by  the  user.  Amonq  the 
modules  provided  are  the  following: 

Analysis  Module.  The  Analysis  Module  Is  responsible  for  sorting 
Input  data  on  the  Engine  History  Data  Store  and  also  for  performing 
the  analysis  functions  described  previously,  and  storing  the  results 
of  the  analysis  on  the  Engine  History  Data  Store.  The  functions  to 
be  performed  are  selected  by  an  array  of  switches  In  the  Incoming 
data.  The  module  Is  normally  Invoked  automatically  whenever  data  Is 
passed  to  It;  however,  reprocessing  of  previously  stored  data  Is 
possible  on  user  request.  The  module  also  performs  any  reprocessing 
that  Is  necessary  due  to  data  being  submitted  out  of  sequence  ( "back 
dating”)  for  analytical  functions  where  the  order  of  data  Is 
important  (eg  Smoothlng/Trendlng) . 

Plotting  module.  The  Plotting  Module  Is  the  principal  means  by  which 
the  user  obtains  visibility  of  COMPASS  Input  and  output;  It  enables 
data  which  has  been  recorded  on  the  Engine  History  Data  Store  to  1» 
presented  In  a  variety  of  user-defined  formats. 

Four  basic  types  of  display  are  available: 

Tables.  Tabular  display  of  parameters  chosen  from  a  specified 
Engine  History  Data  Record  and  Its  Immediate  relatives. 

Barcharts.  Barchart  display  of  the  same  data  as  available  for 
Tables. 

-  Trend  Plots.  Tabular  and  seml-graphlcal  display  of  parameters 
chosen  from  a  specified  range  of  Engine  History  Data  Records 
against  a  time  dependent  parameter  (eg  time  since  Installation, 
cycles) . 

X  -  y  Plots.  Semi -graphical  cross-plot  of  one  or  more 
parameters  against  a  single  X  parameter. 

With  the  aid  of  a  library  of  plot  definitions  stored  within  the 
COMPASS  filing  system,  the  analyst  may  use  the  Plotting  Module  to 
Inspect  the  data  stored  on  the  Engine  History  Data  Store  to  assist 
with  maintenance  planning,  fault  diagnosis,  fleet  statistics  etc. 

-  Alert  Processing  Module.  This  module  allows  Alert  Reports  generated 
by  the  Analysis  Module  and  stored  on  the  Alert  Report  Data  Store  to 
be  selectively  accessed,  displayed  either  in  full  or  summary  form, 
deleted  or  acknowledged  (le  flagged  as  having  been  noted  and 
actioned).  Remaining  unacknowledged  Alert  Reports  can  also  be 
identified. 

Compression  Module.  The  purpose  of  this  module  Is  to  reduce 
historical  data  to  a  series  of  meaningful  statistics,  enabling  the 
old  data  to  be  deleted  in  order  to  make  space  for  new  data.  The 
compressed  data  is  stored  back  on  the  Engine  History  Data  Store  as 
Compressed  Data  Records,  and  Is  available  for  subsequent  examination 
using  the  Plotting  Module. 

Malden  Point  Module.  This  module  performs  similar  statistical 
calculations  to  the  Compression  Module  for  the  first  few  Individual 
Engine  History  Data  Records  related  to  (re (Installation  of  an  engine. 
This  creates  a  Malden  Point  Record  In  t)ie  Engine  History  Data  Store 
which  may  subsequently  t>e  displayed  using  the  Plotting  Module  for 
comparison  purposes. 

Fleet  Averaging  Module.  This  module  allows  various  statistics  to  be 
calculated  across  a  user-defined  fleet.  Fleet  Average  Data  Records 
are  created  on  the  Engine  History  Data  Store  for  subsequent 
Examination  using  the  Plotting  Module. 


CoDoept  of  Neutral  Boat 


The  above  section  shows  that  COMPASS  la  nodular  In  design,  and  essentially 
consists  of  two  distinct  classes  of  routines: 

A  set  of  application-dependent  analysis  routines  specific  to  a  given 
engine  ( say ) . 

A  set  of  application- Independent  routines  providing  general 
calculation  facilities,  eg: 

Snoothlng/Trendlng . 

Alert  generation  and  processing. 

Compression. 

Maiden  Point  generation. 

Fleet  Averaging. 

Data  Management . 

Data  plotting  and  display. 

In  this  context,  it  should  be  noted  that  the  creation  of  the 
application- independent  routines  represents  75%-85%  of  the  total  task  of 
creating  a  monitoring  system. 

This  leads  to  the  concept  of  a  Neutral  Host,  within  which 
application-dependent  routines  reside,  providing  all  the  general  facilities 
required  to  turn  a  set  of  analysis  routines  into  a  fully-fledged  monitoring 
system,  as  illustrated  in  Figure  5.  A  useful  analogy  is  a  hotel;  private  rooms 
are  provided  for  each  occupant  with  access  to  general  services  (restaurants, 
bars,  swlnming  pools,  etc)  that  are  not  duplicated  In  each  room. 

It  is  therefore  possible  for  any  OEM  (Original  Equipment  Manufacturer)  to 
implant  his  own  specific  analysis  routines  within  the  host,  with  only  minor 
changes  to  the  SIRF  to  cope  with  particular  specialised  measurements.  In  this 
way,  COMPASS  can  be  extended  from  being  an  engine  monitoring  system  to  a  total 
equipment  monitoring  system,  providing  the  operator  with  a  common  tool  for 
engine,  airframe,  auxiliary  power  unit  (APU)  and  environmental  control  system 
(ECS)  monitoring.  Taking  the  Idea  a  stage  further,  COMPASS  can  be  configured 
to  monitor  civil,  military,  industrial  and  marine  gas  turbines,  or  indeed  any 
other  operation  requiring  data  analysis,  smoothing/ trending  of  data,  alert 
generation  and  data  storage  and  display. 

Proposal  For  Licensing  OOKPASS 

If  the  generality  of  application  of  COMPASS  described  in  the  previous 
section  is  to  be  exploited  to  the  full,  OEMs  will  require: 

commercial  confidentiality  to  protect  their  proprietary  data  and 
analytical  functions 

professional  software  support  for  the  COMPASS  host 

-  user  satisfaction  with  the  whole  system 

To  meet  these  requirements,  Rolls-Royce  pic  has  licensed  COMPASS  to  a 
third-party  software  house  (Systems  Desl«jnmrs  pic);  this  ensures: 

professionalism  of  software  creation  and  support 

lndei»ndence  from  OEM  suppliers,  leading  to  the  required  level  of 
confidentiality 

Benefits  to  the  OEMs  Include 

concentration  of  software  effort  on  equipment  analysis 
reduced  cost  of  creation  of  monitoring  systems 
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Benefits  to  the  users  include 

-  a  single  nethod  of  operation  for  all  equipfoent  being  monitored 

-  host  improvements  are  available  for  all  equipment  being  monitored 

*  reduced  impl^nentation  and  support  costs 

*  better  software  support  from  a  dedicated  software  house 

All  parties  benefit  from  the  avoidance  of  re-invention  of  the  general 
functions  each  time  a  monitoring  system  is  created,  with  all  the  cost  savings 
that  this  implies. 

Under  the  above  licensing  arrangements,  cmPASS  could  have  numerous  users, 
be  installed  in  various  computer  environments,  monitoring  different  equipment 
supplied  by  a  variety  of  OEMs  using  a  variety  of  diagnostic  routines.  The  user 
would  receive  in-service  support  which  would  recognise  all  these  aspects  and 
ensure  problems  indicated  by  COMPASS  are  correctly  resolved;  in  addition,  the 
support  would  be  tailored  to  suit  the  needs  of  individual  users  and  OEMs.  The 
software  house  would  establish  the  necessary  conmunications  with  users  and 
OEMs,  cross-refer  problems  where  relevant,  carry  out  COMPASS  modifications 
where  necessary  to  benefit  the  user /OEM  conmunity,  and  maintain  COMPASS 
documentation . 

Conclusions 

CCWPASS  is  a  state-of-the-art  ground  based  condition  monitoring  system 
containing  all  the  necessary  software  to  store  and  analyse  data  for  an  entire 
fleet.  Several  new  features  in  the  Module  Performance  Analysis  and 
Smoothing/Trending  functions  have  been  incorporated  to  improve  the  quality  and 
usefulness  of  the  analysis,  and  to  enable  COMPASS  to  report  by  exception;  this 
relieves  the  user  from  the  task  of  manually  reviewing  a  multitude  of  plots  to 
determine  significant  events.  It  is  designed  to  be  highly  flexible  in 
operation,  with  standardised  interfaces  such  that  any  equipment  manufacturer 
can,  through  third  party  licensing  arrangements,  implant  specific  diagnostic 
routines.  C^tPASS  can  provide  one  system  for  both  equi^ent  manufacturers  and 
users,  not  only  in  the  field  of  civil  aviation  but  also  in  military,  industrial 
and  marine  gas  turbines;  indeed  the  system  is  applic^U9le  to  any  industrial  or 
transport  operation  which  requires  data  to  be  analysed,  smoothed  and  trended, 
with  alerts  generated  and  output  displayed  as  appropriate. 


Alert  Trertd  plots.  Fleet  average 


Ertgine  manufacturer  reaponafbiffty 

Airframa/airiine  responslbnfty  with 
engine  manufacturer  involvement 


messages  tables,  compression, 

barcharts,  system 
X-Y  plots  maintenance 


Figure  1 


CQKPASS-Aircraft  Interface 


BASIC  KALMAN  FILTER  RESULTS 
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Figure  2  Analysis  of  -0.5%  HP  Cooprei 
-0.5%  HP  Turbine  Efficiency 

Key 

DB12:  Fan  Tip  efficiency  change 
CW12:  Fan  Tip  capacity  change 
DE2  !  Fan  Root/Booster  efficiency  change 
DE26!  HP  Compressor  efficiency  change 
CW26:  HP  Compressor  capacity  change 
DE4  :  HP  Turbine  efficiency  change 
CW4  :  HP  Turbine  capacity  change 
0E45:  LP  Turbine  efficiency  change 
EPR  :  Exhaust  Pressure  Ratio  bias 
P2  :  Inlet  total  pressure  bias 
T2  :  Inlet  total  temperature  bias 


Efficiency  and 


FF  :  Fuel  flow  bias 
P2S  :  HPC  inlet  total  pressure  bias 
T25  :  HPC  inlet  total  temperature  bias 
P3  :  HPC  exit  total  pressure  bias 
T3  :  HPC  exit  total  temperature  bias 
EGT  :  Exhaust  Gas  Temperature  bias 
P12S:  Fan  Tip  exit  total  pressure  bias 
HI  1  Low  Pressure  shaft  speed  bias 
N2  :  High  Pressure  shaft  speed  bias 


BASIC  KALNAN  FILTER  RESULTS 


Figure  3 


Analysis  of  -0.5%  HP  Airbina  Bfficiancy  and 
-0.5%  HP  Oo^ressor  Exit  Total  Tsivarature  Bias 


42-12 


Figure  4  OGMPASS  Systea  Architecture 


•  Supplied  filing  system 
ond  interfoce  moy  be 
replaced  by  operotors 
own  filing  system  ond 
interfoce. 
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DISCUSSION 

D.  DOEL 

Has  the  COMPASS  Kaloan  Filter  Concentrator  been  applied  '.o  data  corrupt 
ted  by  noise? 

Author's  Reply: 

It  was  not  possible  in  the  time  allocated  to  cover  the  extensive  testing 
of  the  Kalman  Filter  and  "Concentrator"  that  has  been  done.  Single 
and  multiple  component  changes  and/or  sensor  biasses  have  been  analyzed, 
both  with  and  without  random  noise  applied  to  the  measuiements.  These 
results,  together  with  the  results  from  the  analysis  of  actual  engine 
data,  indicate  that  the  Kalman  Filter  and  "Concentrator"  oehaves  as 
well  as  or  better  than  ocher  methods  or  engine  analysis, Apparent  diag¬ 
nostics  "failures"  can  occur  when,  due  to  the  structure  of  the  analysis 
problem,  gas-path  measurement  differences  can  combine  to  produce 
spurious  evidence  of  different  component  changes  and/or  sensor  biasses 
to  the  ones  expected.  It  should  be  noted  that  any  engine  analysis  method 
will  fail  in  this  situation:  the  only  way  to  avoid  this  is  to  further 
distinguish  individual  component  changes  and  sensor  biasses  from  each 
other, 

F.  AZEVEDO 

Is  COMPASS  available  for  RB2U-524-B4  model? 

Author's  Reply: 

It  is  intended  chat  CCMPASS  will  be  made  available  for  all  marks  of 
RB211  by  appropriate  additions,  modifications  and/or  data  changes  to 
the  analytical  functions  for  the  RB211-524G.  The  exact  list  of  monito¬ 
ring  functions  available  will  depend  on  the  instrumentation  fitted: 
airlines  should  discuss  the  full  capabilities  for  the  RB211  marks  they 
operate  with  ROLLS-ROYCE  pic. 
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